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Preface 



Quoting the Campbell Biology: Concepts & Connections 
textbook for Taibah University preparatory year 
students has been the most enjoyable task for our 
academic pursuits. It was assumed that the book would easily 
facilitate our students' learning as it had a greater focus on 
biological concepts and skills. 

Consequently, it would help our students to gradually 
increase their knowledge in the discipline. 

However, this version may create some difficulties for 
our students, in particular, from a terminological aspect. 
This problem was overcome as both Arabic and English 
definitions are cited. 

The addition of Arabic terminology is twofold; it aids 
student comprehension and simplifies its usage. This has 
helped us to successfully overcome learning barriers, making 
task completion more achievable. 

Taibah University's version of the book has simplified 
the abundance of information that was found in the 
original version, by editing chapters, modules, sections and 
paragraphs. It is hoped that this will enhance students' 
understanding by presenting basic ideas of biology rather 
than complicated wealth of information. 

In order to facilitate this process, we decided that only 
four units (16 chapters) would be taught as this help students 
focus on and actualize basic ideas. To comply with the 
student requirements for the current phase, the Evolution, 
Diversity and Ecology sections were dispensed with for 
future opportunities. Furthermore, the units and chapters 



were carefully selected in order to assure that different fields 
complied with the requirements of both the Medical and 
Applied Science students. 

Finally, the Campbell Biology: Concepts & Connections 
textbook was carefully chosen for its flexibility, emphasis 
on knowledge, skills and attitudes and its capacity to serve 
miscellaneous courses. The modules do not have to be 
assigned in any particular order and as a result do not 
impact on student learning. This in turn allows the syllabus 
to be adapted to our students' need. 

We would like to wholeheartedly thank the Deanery 
of Academic Services for its constructive supervision 
and support in the preparation of this biology textbook 
version. 

Team Members. Faculty of Science: Biology Department. 
Biology: Exploring Life 

Unit 1 and 2: The Life of the Cell, and Cellular 
Reproduction and Genetics 

Wael S, El-Sayed and Abdellah M. Akhkha, Ph.D. 

Unit 3: Animals: Form and Function 

Rafat M. Afi.fi, Ph.D. 

Unit 4: Plants: Form and Function 

Tahar Y. Boutraa, Ph.D. 

Team Coordinator 

MedhatM. Elbadry, Ph.D. 




(1.1-1.4) Unity of Life, the Core 

Common themes help to Theme of Biol °gy 

organize the study of life. (1.5-1.6) 

Unity of life is based on DNA 
and common genetic code. 




The Process of Science 

(1.7-1.8) 

In studying nature, scientists 
make observations, form 
hypotheses, and test 
predictions with experiments. 
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Biology and Everyday Life 

(1.9) 

Learning about biology helps 
us understand many issues 
involving science, technology, 
and society. 



2 General Biology 

^ Themes in the Study of Biology 



1.1 All forms of life share common properties 



Defining biology as the scientific study of life raises the obvi- 
ous question: What is life 7 . How would you describe what dis- 
tinguishes living things from nonliving things? Even a small 
child realizes that a bug or a flower is alive, while a rock or 
water is not. They, like all of us, recognize life mainly by what 
living things do. Figure 1.1 highlights seven of the properties 
and processes that we associate with life. 

(1) Order. This close-up of a sunflower illustrates the highly 
ordered structure that typifies life. Living cells are the basis 
of this complex organization. 

(2) Reproduction. Organisms reproduce their own kind. 
Here an emperor penguin protects its baby. 

(3) Growth and development. Inherited information in the 
form of DNA controls the pattern of growth and develop- 
ment of all organisms, including this hatching crocodile. 

(4) Energy processing. When this bear eats its catch, it will 
use the chemical energy stored in the fish to power its own 
activities and chemical reactions. 

(5) Response to the environment. All organisms respond to 
environmental stimuli. This Venus flytrap closed its trap rap- 
idly in response to the stimulus of a damselfly landing on it. 

(6) Regulation. Many types of mechanisms regulate an 
organism's internal environment, keeping it within limits 
that sustain life. Pictured here is a typical lemur behavior 
with a regulatory function— "sunbathing"— which helps 
raise the animal's body temperature on cold mornings. 



(7) Biological adaptation. The leaflike appearance of this 
katydid camouflages it in its environment. Such adaptations 
appear over many generations as individuals with traits best 
suited to their environment have greater reproductive 
success and pass their traits to offspring. 

Figure 1.1 reminds us that the living world is wondrously 
varied. How do biologists make sense of this diversity and 
complexity, and how can you? Indeed, biology is a subject of 
enormous scope that gets bigger every year. One of the ways to 
help you organize all this information is to connect what you 
learn to a set of themes that you will encounter throughout 
your study of life. The next few modules introduce several 
of these themes: novel properties emerging at each level of 
biological organization, the cell as the fundamental unit of life, 
the correlation of structure and function, and the exchange of 
matter and energy as organisms interact with the environment. 
We then focus on the core theme of biology— adaption, the 
theme that makes sense of both the unity and diversity of life. 
And in the final two sections of the chapter, we look at the 
process of science and the relationship of biology to our 
everyday lives. 

Let's begin our journey with a tour through the levels of the 
biological hierarchy. 

O How would you define life? 
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1.2 In life's hierarchy of organization, new properties emerge at each level 



As Figure 1.2 illustrates, the study of life extends from the global 
scale of the biosphere to the microscopic scale of molecules. 
At the upper left we take a distant view of the biosphere, all of 
the environments on Earth that support life. These include most 
regions of land, bodies of water, and the lower atmosphere. 
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A Figure 1.2 Life's hierarchy of organization 



A closer look at one of these environments brings us to the level 
of an ecosystem, which consists of all the organisms living in a 
particular area, as well as the physical components with which 
the organisms interact, such as air, soil, water, and sunlight. 

The entire array of organisms in an ecosystem is called 
a community. The community in this forest ecosystem in 
Madagascar includes the lemurs and the agave plant they are 
eating, as well as birds, snakes, and catiike carnivores called 
civets; a huge diversity of insects; many kinds of trees and other 
plants; fungi; and enormous numbers of microscopic protists 
and bacteria. Each unique form of life is called a species. 

A population includes all the individuals of a particular 
species living in an area, such as all the ring-tailed lemurs in 
the forest community. Next in the hierarchy is the organism, 
an individual living thing. 

Within a complex organism such as a lemur, life's hierarchy 
continues to unfold. An organ system, such as the circulatory 
system or nervous system, consists of several organs that 
cooperate in a specific function. For instance, the organs of 
the nervous system are the brain, the spinal cord, and the 
nerves. A lemurs nervous system controls its actions, 
such as climbing trees. 

An organ is made up of several different tissues, each 
made up of a group of similar cells that perform a specific 
function. A cell is the fundamental unit of life. In the nerve 
cell shown here, you can see several organelles, such as the 
nucleus. An organelle is a membrane-enclosed structure 
that performs a specific function in a cell. 

Finally, we reach the level of molecules in the hierarchy. 
A molecule is a cluster of small chemical units called atoms 
held together by chemical bonds. Our example in Figure 1.2 is 
a computer graphic of a section of DNA (deoxyribonucleic 
acid)— the molecule of inheritance. 

Now let's work our way in the opposite direction in Figure 
1.2, moving up life's hierarchy from molecules to the biosphere. 
It takes many molecules to build organelles, numerous organelles 
to make a cell, many cells to make a tissue, and so on. At each 
new.level, there are ooyel properties that arise, properties that.-.-... 
were not present at the preceding level. For example, life 
emerges at the level of the cell— a test tube full of organelles is 
not alive. Such emergent properties represent an important 
theme of biology. The familiar saying that "the whole is greater 
than the sum of its parts" captures this idea. The emergent 
properties of each level result from the specific arrangement 
and interactions of its parts. 

^ I Which of these levels of biological organization includes all 
others in the list: cell, molecule, organ, tissue? 

Atom- 



Molecule 

DNA 
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1.3 Cells are the structural and functional units of life 



The cell has a special place in the hierarchy of biological 
organization. It is the level at which the properties of life 
emerge— the lowest level of structure that can perform all 
activities required for life. A cell can regulate its internal 
environment, take in and use energy, respond to its 
environment, and develop and maintain its complex 
organization. The ability of cells to give rise to new 
cells is the basis for all reproduction and for the 
growth and repair of multicellular organisms. it, 

All organisms are composed of cells. They 
occur singly as a great variety of unicellular 
(single-celled) organisms, such as amoebas 
and most bacteria. And cells are the sub- 
units that make up multicellular organisms, 
such as lemurs and trees. Your body consists 
of trillions of cells of many different kinds. 

All cells share many characteristics. For 
example, every cell is enclosed by a membrane 
that regulates the passage of materials between 
the cell and its surroundings. And every cell 
uses DNA as its genetic information. There are 
two basic types of cells. Prokaryotic cells were the 
first to develop and were Earths sole inhabitants 
for about the first 1.5 billion years of life on Earth. 
Fossil evidence indicates that eukaryotic cells 
developed about 2.1 billion years ago. 

Figure 1.3 shows these two types of cells as artificially 
colored photographs taken with an electron microscope. A 
prokaryotic cell is much simpler and usually much smaller 
than a eukaryotic cell. The cells of the microorganisms we call 
bacteria are prokaryotic. Plants, animals, fungi, and protists are 
all composed of eukaryotic cells. As you can see in Figure 1.3, 
a eukaryotic cell is subdivided by membranes into many 
functional compartments, called organelles. These include a 
nucleus, which houses the cell's DNA. 

The properties of life emerge from the ordered 
arrangement and interactions of the structures of a cell. 
,Such,a- combination of components forms a more complex 
organization that we can call a system. Cells are examples of 
biological systems, as are organisms and ecosystems. Systems 
and their emergent properties are not unique to life. Consider 
a box of bicycle parts. When all of the individual parts are 
properly assembled, the result is a mechanical system you can 
use for exercise or transportation. 

The emergent properties of life, however, are particularly 
challenging to study because of the unrivaled complexity of 
biological systems. At the cutting edge of large-scale research 
today is an approach called systems biology. The goal of 
systems biology is to construct models for the dynamic 
behavior of whole systems based on studying the interactions 
among the parts. Biological systems can range from the func- 
tioning of the biosphere to the molecular machinery of an 
organelle. 

Cells illustrate another theme of biology: the correlation 
of structure and function. Experience shows you that form 
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A Figure 1.3 Contrasting the size and complexity of prokaryotic and 
eukaryotic cells (shown here approximately 11,250 times their real 



generally fits function. A screwdriver tightens or loosens 
screws, a hammer pounds nails. Because of their form, these 
tools can't do each others jobs. Applied to biology, this 
theme of form fitting function is a guide to the structure ' 
of life at all its organizational levels. For example, the long 
extension of the rierve cell shown' J'ri "Figure 1.2 enables it to 
transmit impulses across-long distances in the body: Often, 
analyzing a biological structure gives us clues about what it 
does and how it works. 

The activities of organisms are all based on cells. For 
example, your every thought is based on the actions of nerve 
cells, and your movements depend on muscle cells. Even a 
global process such as the cycling of carbon is the result of 
cellular activities, including the photosynthesis of plant cells 
and the cellular respiration of nearly all cells, a process that 
uses oxygen to break down sugar for energy and releases car- 
bon dioxide. In the next module, we explore these processes 
and how they relate to the theme of organisms interacting 
with their environments. 



9 Why are cells considered the basic units of life? 
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1.4 Organisms interact with their environment, exchanging matter and energy 



An organism interacts with its environment, which includes 
other organisms as well as physical factors. Figure 1.4 is a sim- 
plified diagram of such interactions taking place in a forest 
ecosystem in Madagascar. Plants are the producers that provide 
the food for a typical ecosystem. A tree, for example, absorbs 
water (H 2 0) and minerals from the soil through its roots, and 
its leaves take in carbon dioxide (CO,) from the air. In photo- 
synthesis, a tree's leaves use energy from sunlight to convert 
C0 2 and H 2 to sugar and oxygen (0 2 ). The leaves release 2 
to the air, and the roots help form soil by breaking up rocks. 
Thus, both organism and environment are affected by the 
interactions between them. 

The consumers of the ecosystem eat plants and other animals. 
The lemur in Figure 1 .4 eats the leaves and fruits of the tamarind 
tree. To release the energy in food, animals (as well as plants and 
most other organisms) take in 2 from the air and release C0 2 . 
An animals wastes return other chemicals to the environment. 

Another vital part of the ecosystem includes the small ani- 
mals, fungi, and bacteria in the soil that decompose wastes and 
the remains of dead organisms. These decomposers act as recy- 
cles, changing complex matter into simpler mineral nutrients 
that plants can absorb and use. 

The dynamics of ecosystems include two major processes— 
the recycling of chemical nutrients and the flow of energy. 
These processes are illustrated in Figure 1.4. The most basic 
chemicals necessary for life— carbon dioxide, oxygen, water, 
and various minerals— cycle within an ecosystem from the air 



and soil to plants, to animals and decomposers, and back to the 
air and soil (blue arrows in the figure). 

By contrast, an ecosystem gains and loses energy constantly. 
Energy flows into the ecosystem when plants and other photo- 
synthesizers absorb light energy from the sun (yellow arrow) 
and convert it to the chemical energy of sugars and other com- 
plex molecules. Chemical energy (orange arrow) is then passed 
through a series of consumers and, eventually, decomposers, 
powering each organism in turn. In the process of these energy 
conversions between and within organisms, some energy is 
converted to heat, which is then lost from the system (red 
arrow). In contrast to chemical nutrients, which recycle within 
an ecosystem, energy flows through an ecosystem, entering as 
light and exiting as heat. 

In this first section, we have touched on several themes of 
biology, from emergent properties in the biological hierarchy 
of organization, to cells as the structural and functional units 
of life, to the exchange of matter and energy as organisms in- 
teract with their environment. In the next section, we begin 
our exploration of unity of life, the core theme of biology. 

? Explain how the photosynthesis of plants functions in both 
cycling of chemical nutrients and the flow of energy in an 
ecosystem. 
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A Figure 1.4 The cycling of nutrients and flow of energy in an ecosystem 
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Unity of Life, the Core Theme of Biology 



1.5 The unity of life is based on DNA and a common genetic code 



All cells have DNA, and the continuity of life depends on this 
universal genetic material. DNA is the chemical substance of 
genes, the units of inheritance that transmit information from 
parents to offspring. Genes, which are grouped into very long 
DNA molecules called chromosomes, also control all the activ- 
ities of a cell. The molecular structure of DNA accounts for 
these functions. Let us explain: Each DNA molecule is made 
up of two long chains coiled together into what is called a dou- 
ble helix. The chains are made up of four kinds of chemical 
building blocks. Figure 1.5 illustrates these four building 
blocks, called nucleotides, with 




A Figure 1.5 The four building blocks of DNA (left); part of a DNA 
double helix (right) 



The way DNA encodes a cell's information is analogous to 
the way we arrange letters of the alphabet into precise se- 
quences with specific meanings. The word rat, for example, 
conjures up an image of a rodent; tar and art, which contain 
the same letters, mean very different things. We can think of 
the four building blocks as the alphabet of inheritance. Specific 
sequential arrangements of these four chemical letters encode 
precise information in genes, which are typically hundreds or 
thousands of "letters" long. 

The DNA of genes provides the blueprints for making pro- 
teins, and proteins serve as the tools that actually build and 
maintain the cell and carry out its activities. A bacterial gene 
may direct the cell to "Make a yellow pigment." A particular 
human gene may mean "Make the hormone insulin." All forms 
of life use essentially the same genetic code to translate the in- 
formation stored in DNA into proteins. This makes it possible 
to engineer cells to produce proteins normally found only in 
some other organism. Thus, bacteria can be used to produce 
insulin for the treatment of diabetes by inserting a gene for 
human insulin into bacterial cells. 

The diversity of life arises from differences in DNA 
sequences— in other words, from variations on the common 
theme of storing genetic information in DNA. Bacteria and 
humans are different because they have different genes. But 
both sets of instructions are written in the same language. 

In the next module, we see how biologists attempt to 
organize the diversity of life. 

. 7 | What is the chemical basis for all of life's kinship? 



1.6 The diversity of life can be arranged into three domains 



We can think of biology's enormous scope as having two 
dimensions. The "vertical" dimension, which we examined in 
Module 1.2, is the size scale that stretches from molecules to 
the biosphere. But biology also has a "horizontal" dimension, 
spanning across the great diversity of organisms existing now 
and over the long history of life on Earth. 

Grouping Species Diversity is a hallmark of life. Biologists 
have so far identified and named about 1.8 million species, 
and thousands more are identified each year. Estimates of 
the total number of species range from 10 million to over 
100 million. Whatever the actual number, biologists face a 
major challenge in attempting to make sense of this enormous 
variety of life. 

There seems to be a human tendency to group diverse items 
according to similarities. We may speak of bears or butterflies, 
though we recognize that each group includes many different 



species. We may even sort groups into broader categories, such 
as mammals and insects. Taxonomy, the branch of biology that 
names and classifies species, arranges species into a hierarchy 
of broader and broader groups, from genus, family, order, class, 
and phylum, to kingdom. 

The Three Domains of Life Until the 1990s, most biologists 
used a taxonomic scheme that divided all of life into five king- 
doms. But new methods for assessing phylogenetic relation- 
ships, such as comparison of DNA sequences, have led to an 
ongoing reevaluation of the number and boundaries of king- 
doms. As that debate continues, however, there is consensus 
that life can be organized into three higher levels called 
domains. Figure 1.6, on the facing page, shows representa- 
tives of the three domains: Bacteria, Archaea, and Eukarya. 

Domains Bacteria and Archaea both consist of prokaryotes, 
organisms with prokaryotic cells. Most prokaryotes are 
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single-celled and microscopic. The photos of the prokaryotes in 
Figure 1.6 were made with an electron microscope, and the 
number along the side indicates the magnification of the 
image. Bacteria and archaea were once combined in a single 
kingdom. But much evidence indicates that they represent two 
very distinct branches of life, each of which includes multiple 
kingdoms. 

Bacteria are the most diverse and widespread prokaryotes. 
In the photo of bacteria in Figure 1.6, each of the rod-shaped 
structures is a bacterial cell. 

Many of the prokaryotes known as archaea live in Earths 
extreme environments, such as salty lakes and boiling hot 
springs. Each round structure in the photo of archaea in 
Figure 1.6 is an archaeal cell. 

All the eukaryotes, organisms with eukaryotic cells, are 
grouped in domain Eukarya. As you learned in Module 1.3, 
eukaryotic cells have a nucleus and other internal structures 
called organelles. 

Protists are a diverse collection of mostly single-celled 
organisms and some relatively simple multicellular relatives. 
Pictured in Figure 1.6 is an assortment of protists in a drop 
of pond water. Although protists were once placed in a single 
kingdom, it is now clear that they do not form a single natural 
group of species. Biologists are currently debating how to 
split the protists into groups that accurately reflect their 
phylogenetic relationships. 

The three remaining groups within Eukarya contain multi- 
cellular eukaryotes. These kingdoms are distinguished partly 
by their modes of nutrition. Kingdom Plantae consists of 
plants, which produce their own food by photosynthesis. The 
representative of kingdom Plantae in Figure 1.6 is a tropical 
bromeliad, a plant native to the Americas. 

Kingdom Fungi, represented by the mushrooms in Figure 
1.6, is a diverse group, whose members mostly decompose the 
remains of dead organisms and organic wastes and absorb the 
nutrients into their cells. 

Animals obtain food by ingestion, which means they eat 
other organisms. Representing kingdom Animalia, the sloth 
in Figure 1.6 resides in the trees of Central and South Ameri- 
can rain forests. There are actually members of two other • 
groups in the sloth-photo: The sloth is clinging to a tre.a:(king- 
dom Plantae), and the greenish tinge in the animal's hair is a 
luxuriant growth of photosynthetic prokaryotes (domain 
Bacteria). This photograph exemplifies a theme reflected in 
our book's title: connections between living things. The sloth 
depends on trees for food and shelter; the tree uses nutrients 
from the decomposition of the sloth's feces; the prokaryotes 
gain access to the sunlight necessary for photosynthesis by liv- 
ing on the sloth; and the sloth is camouflaged from predators 
by its green coat. 

The diversity of life and its interconnectedness are evident 
almost everywhere. Earlier we looked at life's unity in its shared 
properties, two basic types of cell structure, and common 
genetic code. 
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A Figure 1.6 The three domains of life 



"9 i To which of the three domains of life do we belong? 
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The Process of Science 



1.7 Scientific inquiry is used to ask and answer questions about nature 



The word science is derived from a Latin verb meaning 
"to know." Science is a way of knowing— an approach to 
understanding the natural world. It stems from our curiosity 
about ourselves and the world around us. And it involves the 
process of inquiry— a search for information, explanations, 
and answers to specific questions. Scientific inquiry involves 
making observations, forming hypotheses, and testing 
predictions. 

Recorded observations and measurements are the data of 
science. Some data are quantitative, such as numerical meas- 
urements. Other data may be descriptive, or qualitative. For 
example, primatologist Alison Jolly has spent over 40 years 
making observations of lemur behavior during field research 
in Madagascar, amassing data that is mostly qualitative 
(Figure 1.7). 

Collecting and analyzing observations can lead to conclu- 
sions based on a type of logic called inductive reasoning. 
This kind of reasoning derives generalizations from a large 
number of specific observations. "All organisms are made of 
cells" is an inductive conclusion based on the discovery 
of cells in every biological specimen observed over two 
centuries of time. Careful observations and the inductive 
conclusions they lead to are fundamental to understanding 
nature. 

Observations often stimulate us to seek natural causes and 
explanations. Such inquiry usually involves the forming and 
testing of hypotheses. A hypothesis is a proposed explanation 
for a set of observations. A good hypothesis leads to predic- 
tions that scientists can test by recording additional observa- 
tions or by designing experiments. 

Deduction is the type of logic used to come up with ways 
to test hypotheses. In deductive reasoning, the logic flows 
from general premises to the specific results we should ex- 
pect if the premises are true. If all organisms are made of 
cells (premise 1), and humans are organisms (premise 2), 
then humans' are compos.ed of cells (deduction). This deduc- 
tion is a prediction that can Be'tested by examining human 
tissues. 

Theories in Science 

How is a theory different from a hypothesis? A scientific 
theory is much broader in scope than a hypothesis. It is 




A Figure 1.7 Alison Jolly 
with her research subjects, 
ring-tailed lemurs 



usually general enough to generate many new, specific 
hypotheses that can then be tested. And a theory is 
supported by a large and usually growing body of 
evidence. Theories that become widely adopted explain - =- 
a great.diversity of observations and are supported by a vast 
accumulation of evidence. 



*> Contrast inductive reasoning with deductive reasoning. 
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1.8 Scientists form and test hypotheses and share their results 



Lets explore the elements of scientific inquiry with two case 
studies, one from everyday life and one from a research project. 

■ f '■ir'/r - «->'"- We aU use hypotheses in 
solving everyday problems. Lets say, for example, that your flash- 
light fails during a campout. That's an observation. The question 
is obvious: Why doesn't the flashlight work? Two reasonable hy- 
potheses based on past experience are that either the batteries in 
the flashlight are dead or the bulb is burned out. Each of these 
hypotheses leads to predictions you can test with experiments or 
further observations. For example, the dead-battery hypothesis 
predicts that replacing the batteries with new ones will fix the 
problem. Figure 1.8A diagrams this campground inquiry. 



Observation 



Question 




Hypothesis #1: 

Dead batteries 



Hypothesis #2: 

Burned-out bulb 



Prediction: 

Replacing batteries 
will fix problem. 



V 

Experiment: 

Test prediction by 
replacing batteries. 



Prediction: 

Replacing bulb _ 
_j will fix problem, 



Experiment: 

Test prediction by 
replacing bulb. 



Test falsifies hypothesis. 
Revise hypothesis or 
pose new one. 



Test does not falsify 
hypothesis. Make additional 
predictions and test them. 



J 



A Figure 1.8A An example of hypothesis-based science 



The flashlight example illustrates two important points. 
First, a hypothesis must be testable — there must be some way 
to check its validity. Second, a hypothesis must befalsifiable— 
there must be some observation or experiment that could show 
that it is not true. As shown on the left in Figure 1.8 A, the hy- 
pothesis that dead batteries are the sole cause of the problem 
was falsified by replacing the batteries with new ones. As 
shown on the right, the burned-out-bulb hypothesis is the 
more likely explanation. Notice that testing supports a hypoth- 
esis not by proving that it is correct but by not eliminating it 
through falsification. Perhaps the bulb was simply loose and - 
the new bulb was inserted correctly. Testing cannot prove a hy- 
pothesis beyond a shadow of doubt, because it is impossible to 
exhaust all alternative hypotheses. A hypothesis gains credibil- 
ity by surviving multiple attempts to falsify it, while alternative 
hypotheses are eliminated by testing. 

' < * < l i )i ti stL To learn more about how 
science works, let's examine some actual scientific research. 

The story begins with a set of observations and generaliza- 
tions. Many poisonous animals are brightly colored, often with 
distinctive patterns. This so-called warning coloration appar- 
ently says "dangerous species" to potential predators. But there 
are also mimics. These imposters resemble poisonous species 
but are actually harmless. A question that follows from these 
observations is: What is the function of mimicry? A reasonable 
hypothesis is that mimicry is a biological adaptation that 
reduces the harmless animal's risk of being eaten. 

In 2001, biologists David and Karin Pfennig, along with 
William Harcombe, one of their undergraduate students, 
designed an elegant set of field experiments to test the 
hypothesis that mimics benefit because predators confuse 
them with the harmful species. A venomous snake called 
the eastern coral snake has warning coloration: bold, alter- 
nating rings of red, yellow, and black (Figure 1.8B, on the 
next page). (A venomous species, delivers its poison by 
stinging, stabbing, or biting.) Predators rarely attack these 
snakes. The predators do not learn this avoidance behavior 
by trial and error; a first encounter with a coral snake would 
usually be deadly. Natural selection has apparently increased 
the frequency of predators that inherit an instinctive avoid- 
ance of the coral snake's coloration. 

The nonvenomous scarlet king snake mimics the ringed 
coloration of the coral snake (Figure 1.8C). Both types of 
snakes live in North and South Carolina, but king snakes are 
also found in regions that have no coral snakes. 

The geographic distribution of these snakes made it possi- 
ble for the researchers to test a key prediction of the mimicry 
hypothesis: Mimicry should help protect king snakes from 
predators, but only in regions where coral snakes also live. 
Avoiding snakes with warning coloration is an adaptation of 
predator populations that developed in areas where coral snakes 
are present. Therefore, predators adapted to the warning col- 
oration of coral snakes will attack king snakes less frequently 
than will predators in areas where coral snakes are absent. 
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(the artificial brown snakes). Ideally, the experimental and 
control groups differ only in the one factor the experiment 
is designed to test— in our example, the effect of the snakes' 
coloration on the behavior of predators. Without the control 
group, the researchers would not have been able to rule out 
other variables, such as the number of predators in the differ- 
ent test areas. The experimental design left coloration as the 
only factor that could account for the low predation rate on the 
artificial king snakes placed within the range of coral snakes. 



A Figure 1.8C Scarlet 
king snake (nonven- 
omous) 



A Figure 1.8B 

Eastern coral 
snake (venomous) 



To test this prediction, Harcombe 
made hundreds of artificial snakes out 
of wire covered with a claylike sub- 
stance called plasticine. He made two 
versions of fake snakes: an experimental 
group with the color pattern of king snakes and a control group 
of plain brown snakes as a basis of comparison. 

The researchers placed equal numbers of the two types of 
artificial snakes in field sites throughout North and South Car- 
olina, including the region where coral snakes are absent. After 
four weeks, they retrieved the snakes and recorded how many 
had been attacked by looking for bite or claw marks. The most 
common predators were foxes, coyotes, and raccoons, but 
black bears also attacked some of the snakes (Figure 1.8D). 

The data fit the key prediction of the mimicry hypothesis. 
The artificial king snakes were attacked less frequently than 
the artificial brown snakes only in field sites within the geo- 
graphic range of the venomous coral snakes. The bar graph in 
Figure 1.8E summarizes the results. 

This case study is an example of a controlled experiment, 
' one that is- designed to compare an'experifnental group (the 
artificial king shakes, in this case)"with' a control group' • 



ie Culture of Science Science is a so- 
cial activity, with most scientists work- 
ing in teams, which often include 
graduate and undergraduate stu- 
dents. Scientists share information 
through publications, seminars, 
meetings, and personal communi- 
cation. The Internet has added a new 
medium for this exchange of ideas and 
data. Scientists build on what has been 
learned from earlier research and often check 
each others claims by attempting to confirm observations or 
repeat experiments. 

Science seeks natural causes for natural phenomena. Thus, 
the scope of science is limited to the study of structures and 
processes that we can directly observe and measure. Science 
can neither support nor falsify hypotheses about supernatural 
forces or explanations, for such questions are outside the 
bounds of science. 

The process of science is necessarily repetitive: In testing a 
hypothesis, researchers may make observations that call for re- 
jection of the hypothesis or at least revision and further testing. 
This process allows biologists to circle closer and closer to their 
best estimation of how nature works. As in all quests, science 
includes elements of challenge, adventure, and luck, along with 
careful planning, reasoning, creativity, cooperation, competi- 
tion, patience, and persistence. 

O Why is it difficult to draw a conclusion from an experiment 
that does not include a control group? 
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▲ Figure 1.8D 

Artificial king snake that 
was not attacked (above); 
artificial brown snake 
that was attacked by a 
bear (right) 
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A Figure 1.8E 



Coral snakes 
present 

Results of mimicry experiment 
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Biology and Everyday Life 



CONNECTION 



1.9 Biology, technology, and society are connected in important ways 



Many issues facing society are related to biology (Figure 1.9). 
Most of these issues also involve our expanding technology. Sci- 
ence and technology are interdependent, but their basic goals 
differ. The goal of science is to understand natural phenomena. 
In contrast, the goal of technology is to apply scientific knowl- 
edge for some specific purpose. Scientists often speak of "dis- 
coveries," while engineers more often speak of "inventions." The 
beneficiaries of those inventions also include scientists, who use 
new technology in their research. And scientific discoveries 
often lead to the development of new technologies. 

Technology depends less on the curiosity that drives basic 
science than on the needs and wants of people and on the 
social environment of the times. Debates about technology 
center more on "should we do it" than "can we do it." Should 
insurance companies have access to individuals' DNA informa- 
tion? Should we permit research with embryonic stem cells? 

Technology has improved our standard of living in many 
ways, but not without adverse consequences. Technology 
that keeps people healthier has enabled Earths population to 
grow 10-fold in the past three centuries and to more than 
double to 6.8 billion in just the past 40 years. The environ- 
mental effects of this growth can be devastating. Global cli- 
mate change, toxic wastes, deforestation, nuclear accidents, 
and extinction of species are just some of the repercussions 



of more and more people 
wielding more and more tech- 
nology. Science can help us 
identify such problems and 
provide insight into what 
course of action may prevent 
further damage. But solutions 
to these problems have as 
much to do with politics, eco- 
nomics, and cultural values as 
with science and technology. 
Now that science and technol- 
ogy have become such power- 
ful aspects of society, every 
citizen has a responsibility to 
develop a reasonable amount 
of scientific literacy. The cru- 
cial science-technology- 
society relationship is a theme 
of any biology course. 



1 CELEBBAT1KO JAKE 



^NATIONAL 

GEOGRAPHIC 

SPECIAL REPORT 




A Figure 1.9 Biology and 
technology in the news 



that adds to the significance 



9 How do science and technology interact? 
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Reviewing the Concepts 

Themes In the Study of Biology (1.1-1.4) 

1.1 .All forms of life share common properties. Biol'ogy.is- 
the scientific study of life. Properties of life include order, 
reproduction, growth and development, energy processing, 
response to the environment, regulation, and biological 
adaptation. 

1.2 In life's hierarchy of organization, new properties emerge 
at each level. Biological organization unfolds as follows: 
biosphere > ecosystem > community > population > organism > 
organ system > organ > tissue > cell > organelle > molecule. 
Emergent properties result from the interactions among 
component parts. 

1.3 Cells are the structural and functional units of life. 

Eukaryotic cells contain membrane-enclosed organelles, 
including a nucleus containing DNA. Prokaryotic cells are 
smaller and lack such organelles. Structure is related to function 
at all levels of biological organization. Systems biology models 
the complex interactions of biological systems, such as the 
molecular interactions within a cell. 



.- i 
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1.4 Organisms interact with their environment, exchanging mat- 
ter and energy. -Ecosystems are 
characterized by the cycling 
of chemical nutrients 
from the atmosphere . 
and soil through pro- ' 
ducers, consumers, 
decomposers, and 
back to the environ- 
ment. Energy flows 



Water and mineral 
taken up by tree roo 



one way through an 
ecosystem— -entering as 
sunlight, converted to chemi- 
cal energy by producers, passed on to 
consumers, and exiting as heat. 

Unity of Life, the Core Theme of Biology 
(1.5-1.6) 

1.5 The unity of life is based on DNA and a 
common genetic code. DNA is responsible for 
heredity and for programming the activities of a 
cell. A species' genes are coded in the sequences 
of the four building blocks making up DNAs 
double helix. 
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1.6 The diversity of life can be arranged into three domains. 

Taxonomy names species and classifies them into a system of 
broader groups. Domains Bacteria and Archaea consist of prokary- 
otes. The eukaryotic domain, Eukarya, includes various protists and 
the kingdoms Fungi, Plantae, and Animalia. 

The Process of Science (1.7-1.8) 

1.7 Scientific inquiry is used to ask and answer questions 
about nature. Scientists use inductive reasoning to draw general 
conclusions from many observations. They form hypotheses 
and use deductive reasoning to make predictions. Data may be 
qualitative or quantitative. A scientific theory is broad in scope, 
generates new hypotheses, and is supported by a large body 

of evidence. 

1.8 Scientists form and test hypotheses and share their results. 

Predictions can be tested with experiments, and results can 
either falsify or support the hypothesis. In a controlled 
experiment, the use of control and experimental groups helps 
to demonstrate the effect of a single variable. Science is a social 
process: scientists share information and review each other's 
results. 

Biology and Everyday Life (1.9) 

1.9 Biology, technology, and society are connected in important 
ways. Technological advances stem from scientific research, and 
research benefits from new technologies. 

Connecting the Concepts 

1. Biology can be described as having both a vertical scale and 
a horizontal scale. Explain what that means. 

2. Complete the following map organizing some of biology's 
major concepts. 



Biology 



1 

is the study of 



(a) 



has changed 
through the process'of 




common properties 
of living organisms 



Testing Your Knowledge 

Multiple Choice 

3. Which of the following best describes the logic of the scientific 
process? 

a. If I generate a testable hypothesis, tests and observations 
will support it. 

b. If my prediction is correct, it will lead to a testable hypothesis. 

c. If my observations are accurate, they will not falsify my 
hypothesis. 

d. If my hypothesis is correct, I can make predictions and my 
results will not falsify my hypothesis. 

e. If my predictions are good and my tests are right, they will 
prove my hypothesis. 

4. Single-celled amoebas and bacteria are grouped into different 
domains because 

a. amoebas eat bacteria. 

b. bacteria are not made of cells. 

c. bacterial cells lack a membrane-enclosed nucleus. 

d. bacteria decompose amoebas. 

e. amoebas are motile; bacteria are not. 

5. A biologist studying interactions among the protists in an 
ecosystem could not be working at which level in life's hierar- 
chy? {Choose carefully and explain your answer.) 

a. the population level 

b. the molecular level 

c. the community level 

d. the organism level 

e. the organ level 

6. Which of the following questions is outside the realm of science? 

a. Which organisms play the most important role in energy 
input to a forest? 

b. What percentage of music majors take a biology course? 

c. What is the physical nature of the universe? 

d. What is the influence of the supernatural on current events? 

e. What is the dominance hierarchy in a troop of ring-tailed 
lemurs? 

7. Which of the following statements best distinguishes hypotheses 
from theories in science? 

a. Theories are hypotheses that have been proved. 

b. Hypotheses are tentative guesses; theories are correct 
answers to questions about nature. 

c. Hypotheses usually- are narrow in scope; theories have 
-broad explanatory power. . •• •. - - , • . 

d. Hypotheses and theories are different terms for essentially 
the same thing in science. 

e. Theories cannot be falsified; hypotheses can be falsified. 

8. Which of the following best demonstrates the unity among all 
living organisms? 

a. descent with modification 

b. common genetic code 

c. emergent properties 

d. natural selection 

e. the three domains 

9. The core idea that makes sense of all of biology is 

a. the process of science. 

b. the correlation of function with structure. 

c. systems biology. 

d. unity of life. 

e. the emergence of life at the level of the cell. 
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Describing, Comparing, and Explaining 

10. In an ecosystem, how is the movement of energy similar to that 
of chemical nutrients, and how is it different? 

11. Explain what is meant by this statement: The scientific process 
is not a rigid method. 

12. Contrast technology with science. Give an example of each to 
illustrate the difference. 

Applying the Concepts 

13. The graph below shows the results of an experiment in which 
mice learned to run through a maze. 



25 - 




a. State the hypothesis and prediction that you think this ex- 
periment tested. 

b. Which was the control group and which the experimental? 
Why was a control group needed? 

c. List some variables that must have been controlled so as not 
to affect the results. 

d. Do the data support the hypothesis? Explain. 

14. In an experiment similar to the mimicry experiment described 
in Module 1.8, a researcher counted more predator attacks on 
artificial king snakes in areas with coral snakes than in areas 
outside the range of coral snakes. From those numbers, the 
researcher concluded that the mimicry hypothesis is false. Do 
you think this conclusion is justified? Why or why not? 

15. The fruits of wild species of tomato are tiny compared to the 
giant beefsteak tomatoes available today. This difference in fruit 
size is almost entirely due to the larger number of cells in the 
domesticated fruits. Plant biologists have recently discovered 
genes that are responsible for controlling cell division in 
tomatoes. Why would such a discovery be important to 
producers of other kinds of fruits and vegetables? To the study 
of human development and disease? To our basic 
understanding of biology? 

16. The news media and popular magazines frequently report 
stories that are connected to biology. In the next 24 hours, 
record the ones you hear or read about in three different 
sources and briefly describe the biological connections in each 
story. 

Answers to all questions can be found in Appendix 1. 
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Introduction to Organic 
Compounds 

(2,1-2.3) 

Carbon-containing 
compounds are the chemical 
building blocks of life. 




Carbohydrates 

(2.4-2.6) 

Carbohydrates serve as a cell's 
fuel and building material. 




Lipids 

(2.7-2.8) 

Lipids are hydrophobic 
molecules with diverse 
functions. 




Proteins 

(2.9-2.11) 

Proteins are essential 

to the structures 
and functions of life. 




Nucleic Acids 

(2.12-2.13) 

Nucleic acids store, transmit, 
and help express hereditary 
information. 
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ntro du ction to Organic Compounds 



2 a 



Life's molecular diversity is based on the properties of carbon 



When it comes to making molecules, carbon usually takes 
center stage. Almost all the molecules a cell makes are com- 
posed of carbon atoms bonded to one another and to atoms of 
other elements. Carbon is unparalleled in its ability to form 
large and complex molecules, which build the structures and 
carry out the functions required for life. 

Carbon-based molecules are called organic compounds. 
Why are carbon atoms the lead players in the chemistry of life? 
The number of electrons in the outermost shell of its atoms 
determines an elements chemical properties. A carbon atom 
has 4 electrons in a valence shell that holds 8. Carbon completes 
its outer shell by sharing electrons with other atoms in four co- 
valent bonds. Thus, each carbon atom is a connecting point 
from which a molecule can branch in up to four directions. 

Figure 2.1A illustrates three representations of methane 
(CH 4 ), one of the simplest organic molecules. The structural 
formula shows that covalent bonds link four hydrogen atoms 
to the carbon atom. Each of the four lines in the formula repre- 
sents a pair of shared electrons. The two models help you see 
that methane is three-dimensional, with the space-filling 
model on the right better portraying its overall shape. The 
ball-and-stick model shows that carbons four bonds (the gray 
"sticks") angle out toward the corners of an imaginary tetrahe- 
dron (an object with four triangular sides). The red lines trace 
this shape, which occurs wherever a carbon atom participates 
in four single bonds. Different bond angles and shapes occur 
when carbon atoms form double bonds. Large organic mol- 
ecules can have very elaborate shapes. And as we will see many 
times, a molecules shape often determines its function. 

Compounds composed of only carbon and hydrogen are 
called hydrocarbons. Methane and propane are examples of 
hydrocarbon fuels. As components of fats, longer hydrocarbons 
provide fuel'to your body cells. Figure 2.1B illustrates some of 
the variety of hydrocarbon structures. The chain of carbon 
atoms "in an organic molecule is called a carbon skeleton " 
■(sfededingray'in the figure). Carb'6ri : skeletbns'can vafy' in 
length and can be unbranched or branched. Carbon skeletons 
may also include double bonds, which can vary in number and 
location. Some carbon skeletons are arranged in rings. 

The two compounds in the second row of Figure 2. IB, 
butane and isobutane, have the same molecular formula, C 4 H 10 , 
but differ in the bonding pattern of their carbon skeleton. The 



Structural formula Ball-and-stick model Space-filling model 
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The four single bonds of carbon point to the corners of a tetrahedron. 





Length. Carbon skeletons vary in length. 
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In the abbreviated structural formula for each compound (at the 
right), each corner represents a carbon and its attached hydrogens. 



A Figure 2.1A Three representations of methane (CH 4 ) 



A Figure 2.1B Four ways that carbon skeletons can vary 



two molecules in the third row also have the same numbers 
of atoms, but they have different three-dimensional shapes 
because of the location of the double bond. Compounds with 
the same formula but different structural arrangements are 
called isomers. Isomers can also result from different spatial 
arrangements of the four partners bonded to a carbon atom. 
This type of isomer is important in the pharmaceutical 
industry, because the two isomers of a drug may not be equally 
effective or may have different (and sometimes harmful) 
effects. The different shapes of isomers result in unique proper- 
ties and add greatly to the diversity of organic molecules. 

? 0ne isomer of methamphetamine is the addictive illegal drug 
known as "crank." The other is a medicine for sinus congestion. 
How can you explain the differing effects of the two isomers? 
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2 2 A few chemical groups are key to the functioning of biological molecules 



The unique properties of an organic compound depend not 
only on the size and shape of its carbon skeleton but also on 
the groups of atoms that are attached to that skeleton. 

Table 2.2 illustrates six chemical groups important in the 
chemistry of life. The first five are called functional groups. 
They affect a molecules function by participating in chemical 
reactions in characteristic ways. These groups are polar, be- 
cause oxygen or nitrogen atoms exert a strong pull on shared 
electrons. This polarity tends to make compounds containing 
these groups hydrophilic (water-loving) and therefore soluble 
in water— a necessary condition for their roles in water-based 
life. The sixth group, a methyl group, is nonpolar and not reac- 
tive, but it affects molecular shape and thus function. 

A hydroxyl group consists of a hydrogen atom bonded to 
an oxygen atom, which in turn is bonded to the carbon skele- 
ton. Ethanol, shown in the table, and other organic compounds 
containing hydroxyl groups are called alcohols. 

In a carbonyl group, a carbon atom is linked by a double 
bond to an oxygen atom. If the carbonyl group is at the end of 
a carbon skeleton, the compound is called an aldehyde; if it is 
within the chain, the compound is called a ketone. Sugars con- 
tain a carbonyl group and several hydroxyl groups. 

A carboxyl group consists of a carbon double-bonded to an 
oxygen atom and also bonded to a hydroxyl group. The car- 
boxyl group acts as an acid by contributing an H + to a solution 
and thus becoming ionized. Compounds with carboxyl groups 
are called carboxylic acids. Acetic acid, shown in the table, 
gives vinegar its sour taste. 

An amino group has a nitrogen bonded to two hydrogens 
and the carbon skeleton. It acts as a base by picking up an H + 
from a solution. Organic compounds with an amino group are 
called amines. The building blocks of proteins are called amino 
acids because they contain an amino and a carboxyl group. 

A phosphate group consists of a phophorus atom bonded to 
four oxygen atoms. It is usually ionized and attached to the car- 
bon skeleton by one of its oxygen atoms. This structure is abbre- 
viated as p in this'text:'C6mpdunds with phosphate' groups are 
called organic 'ph'osphates' and are often involved hi energy trans- 
fers, as is the energy-rich compound ATP, shown in the table. 

A methyl group consists of a carbon bonded to three hydro- 
gens. Compounds with methyl groups are called methylated 
compounds. The addition of a methyl group to the component 
of DNA shown in the table affects the expression of genes. 

Figure 2.2 shows how a small difference in chemical groups 
can lead to a big difference in body form and behavior. The male 
and female sex hormones shown here differ only in the groups 
highlighted with colored boxes. These subtle differences result 
in the different actions of these molecules, which help produce 
the contrasting features of males and females in lions and other 
vertebrates. Keeping in mind this basic scheme— carbon skele- 
tons with chemical groups— we are now ready to see how our 
cells make large molecules out of smaller ones. 

- '7 Identify the chemical groups that do not contain carbon. 
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TABLE 2.2 



IMPORTANT CHEMICAL GROUPS 
OF ORGANIC COMPOUNDS 



Chemical Group 

Hydroxyl group 

—OH 



Carbonyl group 

\ 



Carboxyl group 
— COOH 



Amino group 
-NH, 



Phosphate group 



— OP0 3 2 ~ 



Methyl group 



— CH, 
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OH 
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A Figure 2.2 Differences in the chemical groups of sex hormones 
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2.3 Cells make a huge number of large molecules from a limited set 
of small molecules 



Given the rich complexity of life on Earth, we might expect there 
to be an enormous diversity of types of molecules. Remarkably, 
however, the important molecules of all living things— from 
bacteria to elephants— fall into just four main classes: carbohy- 
drates, lipids, proteins, and nucleic acids. On a molecular scale, 
molecules of three of these classes— carbohydrates, proteins, 
and nucleic acids— may be gigantic; in fact, biologists call them 
macromolecules. For example, a protein may consist of thousands 
of atoms. How does a cell make such a huge molecule? 

Cells make most of their macromolecules by joining smaller 
molecules into chains called polymers (from the Greek polys, 
many, and mews, part). A polymer is a large molecule consist- 
ing of many identical or similar building blocks strung to- 
gether, much as a train consists of a chain of cars. The building 
blocks of polymers are called monomers. 

Making Polymers Cells link monomers together to form 
polymers by a dehydration reaction, a reaction that removes a 
molecule of water. As you can see in Figure 2.3A, an unlinked 
monomer has a hydrogen atom (— H) at one end and a 
hydroxyl group (—OH) at the other. For each monomer 
added to a chain, a water molecule (H 2 0) is released. Notice in 
Figure 2.3A that one monomer (the one at the right end of the 
short polymer in this example) loses a hydroxyl group and the 
other monomer loses a hydrogen atom to form H 2 0. As this 
occurs, a new covalent bond forms, linking the two monomers. 
Dehydration reactions are the same regardless of the specific 
monomers and the type of polymer the cell is producing. 

Breaking Polymers Cells not only make macromolecules 
but also have to break them down. For example, most of the 
organic molecules in your food are in the form of polymers 
that are much too large to. enter your cells. You must digest 
these polymers to make their monomers available to your 
cells. This digestion, process is called hydrolysis. Essentially ■ 
■ the reverse of a dehydration reaction, hydr-olysis'.means -to 
break (lyse) with water (hydro-). As Figure 2.3B shows, the 
bond between monomers is broken by the addition of a 
water molecule, with the hydroxyl group from the water 
attaching to one monomer and a hydrogen attaching to 
the adjacent monomer. 

The lactose-intolerant individuals you learned about in the 
chapter introduction are unable to hydrolyze such a bond in 
the sugar lactose because they lack the enzyme lactase. Both 
dehydration reactions and hydrolysis require the help of 
enzymes to make and break bonds. Enzymes are specialized 
macromolecules that speed up chemical reactions in cells. 

The Diversity of Polymers The diversity of macromolecules 
in the living world is vast. Remarkably, a cell makes all its 
thousands of different macromolecules from a small list of 
ingredients— about 40 to 50 common components and a few 
others that are rare. Proteins, for example, are built from only 



Short polymer 



Dehydration reaction 
forms a new bond 




i-OH 



-OVA 



Longer polymer 
A Figure 2.3A Dehydration reaction building a polymer chain 



Hydrolysis 
breaks a bond 



I -OH 



A Figure 2.3B Hydrolysis breaking down a polymer 



20 lands of amino acids. Your DNA is built from just four 
kinds of monomers called nucleotides. The key to the great di- 
versity of polymers is arrangement— variation in the sequence 
in which monomers are strung together. 

The variety in polymers accounts for the uniqueness of each 
organism. The monomers themselves, however, are essentially 
universal. Your proteins anu those of a'tree oran ant are 
.•assembkd-fronrthesame 20. amino -acids. Life has a simple ' 
yet elegant molecular logic: Small molecules common to all 
organisms are ordered into large molecules, which vary from 
species to species and even from individual to individual in the 
same species. 

In the remainder of the chapter, we explore each of the four 
classes of large biological molecules. Like water and simple or- 
ganic molecules, large biological molecules have unique emer- 
gent properties arising from the orderly arrangement of their 
atoms. As you will see, for these molecules of life, structure and 
function are inseparable. 

? Suppose you eat some cheese. What reactions must occur for 
the protein of the cheese to be broken down into its amino 
acid monomers and then for these monomers to be converted 
to proteins in your body? 

■suoipeaj uoipupAqap 
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Carbohydrates 



2.4 Monosaccharides are the simplest carbohydrates 



The name carbohydrate refers to a class of molecules ranging 
from the small sugar molecules dissolved in soft drinks to large 
polysaccharides, such as the starch molecules we consume in 
pasta and potatoes. 

The carbohydrate monomers (single-unit sugars) are 
monosaccharides (from the Greek memos, single, and sacchar, 
sugar). The honey shown in Figure 2.4A consists mainly of 
monosaccharides called glucose and fructose. These and other 
single-unit sugars can be hooked together by dehydration reac- 
tions to form more complex sugars and polysaccharides. 

Monosaccharides generally have molecular formulas that 
are some multiple of CH 2 0. For example, the formula for glu- 
cose, a common monosaccharide of central importance in the 
chemistry of life, is C 6 H 12 6 . Figure 2.4B illustrates the molec- 
ular structure of glucose, with its carbons numbered 1 to 6. 
This structure also shows the two trademarks of a sugar: a 
number of hydroxyl groups (—OH) and a carbonyl group 
OC=0, highlighted in blue). The hydroxyl groups make 
a sugar an alcohol, and the carbonyl group, depending on its 
location, makes it either an aldose (an aldehyde sugar) or a 
ketose (a ketone sugar). As you see in Figure 2.4B, glucose is 
an aldose and fructose is a ketose. (Note that most names for 
sugars end in -ose. Also, as you saw with the enzyme lactase 
that digests lactose, the names for most enzymes end in -ase.) 

If you count the numbers of different atoms in the fructose 
molecule in Figure 2.4B, you will find that its molecular for- 
mula is C 6 H 12 6 , identical to that of glu- 
cose. Thus, glucose and fructose are 
isomers; they differ only in the arrangement 
of their atoms (in this case, the positions of 
the carbonyl groups' Seemingly minor 
differences like this give isomers different 
properties, such as how they react with 




other molecules. These differences also make fructose taste 
considerably sweeter than glucose. 

The carbon skeletons of both glucose and fructose are six 
carbon atoms long. Other monosaccharides may have three to 
seven carbons. Five-carbon sugars, called pentoses, and six- 
carbon sugars, called hexoses, are among the most common. 

It is convenient to draw sugars as if their carbon skeletons 
were linear, but in aqueous solutions, many monosaccharides 
form rings, as shown for glucose in Figure 2.4C. To form the 
glucose ring, carbon 1 bonds to the oxygen attached to carbon 
5. As shown in the middle representation, the ring diagram of 
glucose and other sugars may be abbreviated by not showing 
the carbon atoms at the corners of the ring. Also, the bonds 
in the ring are often drawn with varied thickness, indicating 
that the ring is a relatively flat structure with attached atoms 
extending above and below it. The simplified ring symbol on 
the right is often used in this book to represent glucose. 

Monosaccharides, particularly glucose, are the main fuel 
molecules for cellular work. Because cells release energy 
from glucose when they break it down, an aqueous solution 
of glucose (often called dextrose) maybe injected into the 
bloodstream of sick or injured patients; the glucose provides 
an immediate energy source to tissues in need of repair. Cells 
also use the carbon skeletons of monosaccharides as raw 
material for making other kinds of organic molecules, such as 
amino acids and fatty acids. Sugars not used in these ways 
may be incorporated into disaccharides 
and polysaccharides, as we see next. 



O Write the formula for a monosaccha- 
ride that has three carbons. 
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2.5 Two monosaccharides are linked to form a disaccharide 



Cells construct a disaccharide from two monosaccharide 
monomers by a dehydration reaction. Figure 2.5 shows how 
maltose, also called malt sugar, is formed from two glucose 
monomers. One monomer gives up a hydroxyl group and the 
other gives up a hydrogen atom from a hydroxyl group. As H 2 
is released, an oxygen atom is left, linking the two monomers. 
Maltose, which is common in germinating seeds, is used in 
making beer, malted milk shakes, and malted milk candy. 

The most common disaccharide is sucrose, which is made of 
a glucose monomer linked to a fructose monomer. Transported 
in plant sap, sucrose provides a source of energy and raw mate- 
rials to all the parts of the plant. We extract it from the stems of 
sugarcane or the roots of sugar beets to use as table sugar. 

O Lactose, as you read in the chapter introduction, is the disac- 
charide sugar in milk. It is formed from glucose and galactose. 
The formula for both these monosaccharides is C 6 H 12 6 . 
What is the formula for lactose? 

"0"H r b 




H OH H OH 



Maltose 

A Figure 2.5 Disaccharide formation by a dehydration reaction 



2.6 Polysaccharides are long chains of sugar units 



Polysaccharides are macromolecules, polymers of hundreds to 
thousands of monosaccharides linked together by dehydration 
reactions. Polysaccharides may function as storage molecules 
or as structural compounds. Figure 2.6 illustrates three com- 
mon types of polysaccharides: starch, glycogen, and cellulose. 

Starch, a storage polysaccharide in plants, consists entirely of 
glucose monomers. Starch molecules coil into a helical shape 
and maybe unbranched.(as shown in the figure) or branched. 
Starch granules serve as carbohydrate "banks" from which plant 
cells can withdraw glucose for energy or building materials. Hit* : 
mans and most other animals have enzymes that can.hydro.lyze; -. 
plant starch to glucose. Potatoes and grains, such as wheat, corn, 
and rice, are the major sources of starch in the human diet. 

Animals store glucose in a different form of polysaccharide, 
called glycogen. Glycogen is more highly branched than 
starch, as shown in the figure. Most of your glycogen is stored 
as granules in your liver and muscle cells, which hydrolyze the 
glycogen to release glucose when it is needed. 

Cellulose, the most abundant organic compound on Earth, 
is a major component of the tough walls that enclose plant 
cells. Cellulose is also a polymer of glucose, but its monomers 
are linked together in a different orientation. (Carefully com- 
pare the oxygen "bridges" highlighted in yellow between glu- 
cose monomers in starch, glycogen, and cellulose in the figure.) 
Arranged parallel to each other, cellulose molecules are joined 
by hydrogen bonds, forming cable-like microfibrils. Layers of 
microfibrils combine with other polymers, producing strong 
support for trees and structures we build with lumber. 



Animals do not have enzymes that can hydrolyze the glu- 
cose linkages in cellulose. Therefore, cellulose is not a nutrient 
for humans, although it does contribute to digestive system 
health. The cellulose that passes unchanged through your 
digestive tract is referred to as "insoluble fiber." Fresh fruits, 
vegetables, and grains are rich in fiber. 

Some microorganisms do have enzymes that can hydrolyze 
cellulose. Cows and termites house such microorganisms in " 
their digestive tracts and are thus able to derive energy from 
cellulose. Decomposing fungi also digest cellulose; helping'to 
recycle its ehemicaLelements-withinecesysteriisv. •■■ '■■ 

Another structural polysaccharide, chitin, is used by insects 
and crustaceans to build their exoskeleton, the hard case en- 
closing the animal. Chitin is also found in the cell walls of 
fungi. Humans use chitin to make a strong and flexible surgical 
thread that decomposes after a wound or incision heals. 

Almost all carbohydrates are hydrophilic owing to the 
many hydroxyl groups attached to their sugar monomers 
(see Figure 2.4B). Thus, cotton bath towels, which are mostly 
cellulose, are quite water absorbent due to the water-loving 
nature of cellulose. Next we look at a class of macromolecules 
that are not hydrophilic. 

? Compare and contrast starch and cellulose, two plant 
polysaccharides. 

■s-pAi ipj iu K |d jo ici.iaicm miuu nip m |iuj> ,ip!JiH[:rn:s'A]iHl |iMiipn.>r 
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Lipids 

2.7 Fats are lipids that are mostly energy-storage molecules 



Lipids are diverse compounds that are grouped together be- 
cause they share one trait: They do not mix well with water. 
Lipids consist mainly of carbon and hydrogen atoms linked by 
nonpolar covalent bonds. In contrast to carbohydrates and 
most other biological molecules, lipids are hydrophobic 
(water-fearing). You can see this chemical behavior in an • 
unshaken bottle of salad dressing: The oil (a type of lipid) 
separates frojti-'the vinegar (which is mostly water).- The oils 
that ducks.sptead on their feathers make the.feath'ers repel •• "; 
water (Figure 2.7A), which helps such waterfowl stay afloat. 

Lipids also differ from carbohydrates, proteins, and nucleic 
acids in that they are neither huge macromolecules nor 
polymers built from similar monomers. You will see that 
lipids vary a great deal in structure and function. In this and 
the next two modules, we will consider three types of lipids: 
fats, phospholipids, and steroids. 

A fat is a large lipid made from two kinds of smaller mol- 
ecules: glycerol and fatty acids. Shown at the top in Figure 2.7B, 
glycerol is an alcohol with three carbons, each bearing a 
hydroxyl group (—OH). A fatty acid consists of a carboxyl 
group (the functional group that gives these molecules the 
name fatty acid, — COOH) and a hydrocarbon chain, usually 
16 or 18 carbon atoms in length. The nonpolar hydrocarbon 
chains are the reason fats are hydrophobic. 

Figure 2.7B shows how one fatty acid molecule can link to a 
glycerol molecule by a dehydration reaction. Linking three fatty 



acids to glycerol produces a at, as illustrated in Figure 2.7C. 
A synonym for fat is triglyceride, a term you may see on food 
labels or on medical tests for fat in the blood. 

Some fatty acids contain one or more double bonds, which 
cause kinks (or bends) in the carbon chain. See the third fatty 
acid in Figure 2.7C. Such an unsaturated fatty acid has one • 
fewer hydrogen atom on each carbon of the double bond. Fatty 
■ acids with- no double bonds intheir hydrocarbon chain-have the 
maximum number of hydrogen-atoms (-are^saturated"-with hy-. - : 
drogens) and are called saturated fatty acids. The kinks in un- 
saturated fatty acids prevent fats containing them from packing 
tightly together and solidifying at room temperature. Corn oil, 
olive oil, and other vegetable oils are called unsaturated fats. 
_ Most animal fats are saturated. Their un- 

icid chains pack closely together, 
butter and beef fat solid at room 
nperature. When you see 

"hydrogenated vegetable 
oils" on a margarine 



4 Figure 2.7A 
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A Figure 2.7B A dehydration 
reaction linking a fatty acid 
molecule to a glycerol molecule 
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A Figure 2.7C A fat molecule 
(triglyceride) consisting of three 
fatty acids linked to glycerol 



label, it means that unsaturated fats have been converted to sat- 
urated fats by adding hydrogen. Unfortunately, hydrogenation 
also creates trans fats, a form of fat that recent research associ- 
ates with health risks. Diets rich in saturated fats and trans fats 
may contribute to cardiovascular disease by promoting athero- 
sclerosis. In this condition, lipid-containing deposits called 
plaques build up within the walls of blood vessels, reducing 
blood flow. Unsaturated fatty acids called omega-3 fatty acids 
are found in certain nuts, plant oils, and fatty fish and appear to 
protect against cardiovascular disease. 

The main function of fats is long-term energy storage. A 
gram of fat stores more than twice as much energy as a gram of 
polysaccharide. For immobile plants, the bulky energy storage 
form of starch is not a problem. (Vegetable oils are generally 
obtained from seeds, where more compact energy storage is a 
benefit.) A mobile animal, such as a duck or a human, can get 
around much more easily carrying its energy stores in the form 
of fat. Of course, the downside of this energy-packed storage 
form is that it takes more effort for a person to "burn off" 
excess fat. In addition to storing energy, fatty tissue cushions 
vital organs and insulates the body. 

1 How do you think the structure of a monounsaturated fat 
differs from a polyunsaturated fat? 
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2.8 Phospholipids and steroids are important lipids with a variety of functions 

function. The hydrophilic and hydrophobic ends of multiple 
molecules assemble in a bilayer of phospholipids to form a 
membrane (Figure 2.8B). The hydrophobic tails of the fatty 



Ceils could not exist without phospholipids, the major compo- 
nent of cell membranes. Phospholipids are structurally similar 
to fats, but they contain only two fatty acids attached to glycerol 
instead of three. As shown in Figure 2.8A, a negatively charged 
phosphate group (shown as a yellow circle in the figure and 
linked to another small molecule) is attached to glycerols third 
carbon. (Note that glycerol is shown in orange.) The structure 
of phospholipids provides a classic example of how form fits 
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^ Figure 2.8A Chemical structure 
of a phospholipid molecule 



acids cluster in the center, and the hydrophilic phosphate heads 
face the watery environment on either side of the membrane. 
Each gray-headed, yellow-tailed structure in the membrane 
shown here represents a phospholipid; this symbol is used 
throughout this book. We will explore the structure and func- 
tion of biological membranes further in Chapter 3 . 

Steroids are lipids in which the carbon skeleton contains 
four fused rings; as shown in the structural' formula of choles- 
teroLin;FigHre-2f8e, (The diagram omits the carbons-making " 
up the rings and most of the chain and also their attached hy- 
drogens.) Cholesterol is a common component in animal cell 
membranes, and animal cells also use it as a starting material 
for making other steroids, including sex hormones. Different 
steroids vary in the chemical groups attached to the rings, as 
you saw in Figure 2.2. Too much cholesterol in the blood may 
contribute to atherosclerosis. 

"} Compare the structure of a phospholipid with that of a fat 
(triglyceride). 
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Proteins 

2.9 Proteins are made from amino acids linked by peptide bonds 
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Nearly every dynamic function in your body depends on pro- 
teins. You have tens of thousands of different proteins, each 
with a specific structure and function. Of all of life's molecules, 
proteins are structurally the most elaborate and diverse. A 

protein is a polymer of amino acids. 
H Protein diversity is based on differing 

arrangements of a common set of just 
20 amino acid monomers. 

Amino acids all have an amino 
group and a carboxyl group (which 
makes it an acid, hence the name 
amino acid). As you can see in 
the general structure shown in 
Figure 2.9A, both of these functional 
groups are covalently bonded to a 
central carbon atom, called the alpha carbon. Also bonded to 
the alpha carbon is a hydrogen atom and a chemical group 
symbolized by the letter R. The R group, also called the side 
chain, differs with each amino acid. In the simplest amino acid 
(glycine), the R group is just a hydrogen atom. In all others, 
such as those shown in Figure 2.9B, the R group consists of one 
or more carbon atoms with various chemical groups attached. 
The composition and structure of the R group determines the 
specific properties of each of the 20 amino acids that are found 
in proteins. 
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A Figure 2.9B Examples of amino acids with hydrophobic and 
hydrophilic R groups 



The amino acids in Figure 2.9B represent two main types, 
hydrophobic and hydrophilic. Leucine (abbreviated Leu) is an 
example of an amino acid in which the R group is nonpolar and 
hydrophobic. Serine (Ser), with a hydroxyl group in its R group, 
is an example of an amino acid with a polar, hydrophilic R 
group. Aspartic acid (Asp) is acidic and negatively charged at 
the pH of a cell. (Indeed, all the amino and carboxyl groups of 
amino acids are usually ionized at cellular pH, as shown in 
Table 2.2.) Other amino acids have basic R groups and are posi- 
tively charged. Amino acids with polar and charged R groups 
help proteins dissolve in the aqueous solutions inside cells. 

Now that we have examined amino acids, let's see how they 
are linked to form polymers. Can you guess? Cells join amino 
acids together in a dehydration reaction that links the carboxyl 
group of one amino acid to the amino group of the next amino 
acid as_a water molecule is removed (Figure 2.9C). The resulting 
covalent linkage is called a peptide bond. The product of the 
reaction shown in the figure is called a d/peptide, because it was 
made from two amino acids. Additional amino acids can be 
added by the same process to form a chain of amino acids, a 
polypeptide. To release amino acids from the polypeptide by 
hydrolysis, a molecule of H 2 must be added back to break 
each peptide bond. 

How is it possible to make thousands of different kinds of 
proteins from just 20 amino acids? The answer has to do with 
sequence. You know that thousands of English words can be 
made by varying the sequence of letters and word length. Al- 
though the protein "alphabet" is slightly smaller (just 20 "letters," 
rather than 26), the "words" are much longer. Most polypeptides 
are at least 100 amino acids in length; some are 1,000 or more. 
Each polypeptide has a unique sequence of amino acids. But a 
long polypeptide chain of specific sequence is not the same as 
a protein, any more than a long strand of yarn is the same as a 
sweater that can be knit from that yarn. A functioning protein is 
one or more polypeptide "chains precisely coiled, twisted, and ■ 
folded into a tiMque three-dimensional shape. ■• - -"- '" 

f In what way is the production of a dipeptide similar to the 
production of a disaccharide? 
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2.10 A protein's specific shape determines its function 



What do the tens of thousands of different proteins in your 
body do? Probably their most important role is as enzymes, 
the chemical catalysts that speed and regulate virtually all 
chemical reactions in cells. Lactase, which you read about in 
the chapter introduction, is just one of thousands of different 
enzymes that may be produced by cells. 

Structural proteins are found in hair and the 
fibers that make up connective tissues such as tendons 
and ligaments. Muscle cells are packed with contractile 
proteins. 

Other types of proteins include defensive proteins, 
such as the antibodies of the immune system, and signal 
proteins, such as many of the hormones and other chemical 
messengers that help coordinate body activities by 
facilitating communication between cells. Receptor proteins 
may be built into cell membranes and transmit signals into 
cells. Hemoglobin in red blood cells is a transport protein 
that delivers 2 to working muscles and tissues throughout 
the body. Other transport proteins move sugar molecules 
into cells for energy. Some proteins are storage proteins, 
such as ovalbumin, the protein of egg white, which serves 
as a source of amino acids for developing embryos. Milk 
proteins provide amino acids for baby mammals, and plant 
seeds contain storage proteins that nourish developing 
plant embryos. 

The functions of all these different types of proteins 
depend on their specific shape. Figure 2.10A shows a 
ribbon model of lysozyme, an enzyme found in your sweat, 
tears, and saliva. Lysozyme consists of one long polypeptide, 
represented by the purple ribbon. Lysozyme's general shape 
is called globular. This overall shape is more apparent in 
Figure 2.10B, a space-filling model of lysozyme. In that 
model, the colors represent the different atoms of carbon, 
oxygen, nitrogen, and hydrogen. The barely visible yellow 
balls are sulfur atoms that form the stabilizing bonds shown 
as yellow lines in the ribbon model. Most enzymes and other 
proteins are globular. Structural proteins, such asthose ' 




A Figure 2.10A Ribbon model of 
the protein lysozyme 



making up hair, tendons, and ligaments, are typically long 
and thin and are called fibrous proteins. 

Descriptions such as globular and fibrous refer to a 
proteins general shape. Each protein also has a much 
more specific shape. The coils and twists of lysozyme's 
polypeptide ribbon appear haphazard, but they represent 
the molecules specific, three-dimensional shape, and this 
shape is what determines its specific function. Nearly all 
proteins must recognize and bind to some other molecule 
to function. Lysozyme, for example, can destroy bacterial 
cells, but first it must bind to specific molecules on the 
bacterial cell surface. Lysozyme's specific shape enables 
it to recognize and attach to its molecular target, which 
fits into the groove you see on the right in the 
figures. 

The dependence of protein function on a protein's 
specific shape becomes clear when proteins are altered. 
In a process called denaturation, polypeptide chains 
unravel, losing their specific shape and, as a result, their 
function. Changes in salt concentration and pH can 
denature many proteins, as can excessive heat. For example, 
visualize what happens when you fry an egg. Heat quickly 
denatures the clear proteins surrounding the yolk, making 
them solid, white, and opaque. One of the reasons why 
extremely high fevers are so dangerous is that some 
proteins in the body become denatured and cannot 
function. 

Given the proper cellular environment, a newly 
synthesized polypeptide chain spontaneously folds into its 
functional shape. We examine the four levels of a protein's 
structure next. 




A Figure 2.10B Space-filling 
model of the protein lysozyme 



? Why does a denatured protein no longer function normally? 
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2.11 A protein's shape depends on four levels of structure 



i'mnrnv Structure The primary structure of a protein is its 
unique sequence of amino acids. As an example, let's consider 
transthyretin, an important transport protein found in your 
blood. Its specific shape enables it to transport vitamin A and 
one of the thyroid hormones throughout your body. A com- 
plete molecule of transthyretin has four identical polypeptide 
chains, each made up of 127 amino acids. Figure 2.11A, on the 
next page, shows part of one of these chains unraveled for a 
closer look at its primary structure. The three-letter abbrevia- 
tions represent the specific amino acids that make up the chain. 

In order for transthyretin or any other protein to perform 
its specific function, it must have the correct amino acids 
arranged in a precise order. The primary structure of a protein 
is determined by inherited genetic information. Even a slight 
change in primary structure may affect a proteins overall shape 
and thus its ability to function. For instance, a single amino 
acid change in hemoglobin, the oxygen-carrying blood protein, 
causes sickle-cell disease, a serious blood disorder. 

Secondary Structure In the second level of protein struc- 
ture, parts of the polypeptide coil or fold into local patterns 
called secondary structure. Coiling of a polypeptide chain re- 
sults in a secondary structure called an alpha helix; a certain 
kind of folding leads to a secondary structure called a beta 
pleated sheet. Both of these patterns are maintained by regu- 
larly spaced hydrogen bonds between hydrogen atoms and 
oxygen atoms along the backbone of the polypeptide chain. 

Each hydrogen bond is represented in 

Figure 2.11B by a row of dots. Because 
the R groups of the amino acids are 
not involved in forming these 
secondary structures, they are 
omitted from the diagrams. 

Transthyretin has only 
•. one alpha helix region (see 
Figure 2.11C). In contrast, 
• some fibrous proteins, such. 
I •,. ;.as:.the.structural protein of • 
^ hair, have the alpha helix 
structure over most of their 
length. 

Beta pleated sheets make 
up the core of many globular 
proteins, as is the case for 
transthyretin. Pleated sheets 
also dominate some fibrous pro- 
teins, including the silk protein of a 
spiders web, shown to the left. The 
combined strength of so many hydrogen 
bonds makes each silk fiber stronger than a steel 
strand of the same weight. Potential uses of spider silk proteins 
include surgical thread, fishing line, and bulletproof vests. 

tertiary Structure The term tertiary structure refers to the 

overall three-dimensional shape of a polypeptide, which, as 




Polypeptide 
chain y 



we've said, determines the function of a protein. As shown in 
Figure 2.1 1C, a transthyretin polypeptide has a globular shape, 
which results from the compact arrangement of its alpha helix 
region and beta pleated sheet regions. 

Here the R groups of the amino acids making up the 
polypeptide get involved in creating a proteins shape. Tertiary 
structure results from interactions between these R groups. For 
example, transthyretin and other proteins found in aqueous 
solutions are folded so that the hydrophobic R groups are on 
the inside of the molecule and the hydrophilic R groups on 
the outside, exposed to water. In addition to the clustering of 
hydrophobic groups, hydrogen bonding between polar side 
chains and ionic bonding of some of the charged (ionized) R 
groups help maintain the tertiary structure. A proteins shape 
may be reinforced further by covalent bonds called disulfide 
bridges. You saw disulfide bridges as the yellow lines in the 
ribbon model of lysozyme in Figure 2.10A. 

Quaternary Structure Many proteins consist of two or more 
polypeptide chains aggregated into one functional macromol- 
ecule. Such proteins have a quaternary structure, resulting 
from the association of these polypeptides, which are known as 
"subunits." Figure 2.11D shows a complete 
transthyretin molecule with its four identical 
globular subunits. 

Another example of a protein with qua- 
ternary structure is collagen, shown to the 
right. Collagen is a fibrous protein with three 
helical polypeptides intertwined into a larger 
triple helix. This arrangement gives the long 
fibers great strength, suited to their function 
as the girders of connective tissue in skin, 
bone, tendons, and ligaments. Collagen ac- 
counts for 40% of the protein in your body. 

Many other proteins have subunits that 
are different from one another. For example, 
the oxygen-transporting molecule hemoglo- 
"biri has'four polypeptides 'of two distinct •" 
types. Each polypeptide has a nonprotein 
attachment, called a heme, with an iron 
atom that binds oxygen. 

What happens if a protein folds incorrectly? Many 
diseases, such as Alzheimer's and Parkinson's, involve an 
accumulation of misfolded proteins. Prions are infectious 
misshapen proteins that are associated with serious 
degenerative brain diseases such as mad cow disease. 
Such diseases reinforce the theme that structure fits function: 
A proteins unique three-dimensional shape determines its 
proper functioning. 

1 If a genetic mutation changes the primary structure of a pro- 
tein, how might this destroy the protein's function? 
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Four Levels of Protein Structure 




► Figure 2.11A Primary 
structure: linear sequence 
of amino acids 



► Figure 2.11B Secondary 
structure: alpha helix and 
beta pleated sheet formed by 
hydrogen bonds between atoms 
of the polypeptide backbone 
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► Figure 2.11C Tertiary structure: 

three-dimensional shape formed by 
interactions between R groups 



> Figure 2.11D Quaternary 
structure: association of multiple 
polypeptides 
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Nucleic Acids 



2.12 DNA and RNA are the two types of nucleic acids 



As we just saw, the primary structure of a polypeptide deter- 
mines the shape of a protein. But what determines the pri- 
mary structure? The amino acid sequence of a polypeptide is 
programmed by a discrete unit of inheritance known as a 
gene. Genes consist of DNA (deoxyribonucleic acid), one of 
the two types of polymers called nucleic acids. The name 
nucleic comes from their location in the nuclei of eukaryotic 
cells. The genetic material that humans and other organisms 
inherit from their parents consists of DNA. Unique among 
molecules, DNA provides directions for its own replication. 
Thus, as a cell divides, its genetic instructions are passed to 
each daughter cell. These instructions program all of a cell's 
activities by directing the synthesis of proteins. 

The genes present in DNA do not build proteins directly. 
They work through an intermediary— the second type of 
nucleic acid, known as ribonucleic acid (RNA). Figure 2.12 
illustrates the main roles of these two types of nucleic acids in 
the production of proteins. In the nucleus of a eukaryotic cell, a 
gene directs the synthesis of an RNA molecule. We say that 
DNA is transcribed into RNA. The RNA molecule moves out 
of the nucleus and interacts with the protein-building machinery 
of the cell. There, the gene's instructions, written in "nucleic 
acid language," are translated into "protein language," the 
amino acid sequence of a polypeptide. (In prokaryotic cells, 
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A Figure 2.12 The flow of genetic information in the building of a protein 



which lack nuclei, both transcription and translation take place 
within the cytoplasm of the cell.) 

Recent research has found previously unknown types of 
RNA molecules that play many other roles in the cell. We re- 
turn to the functions of DNA and RNA later in the book. 

"9 How are the two types of nucleic acids functionally related? 
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2.13 Nucleic acids are polymers of nucleotides 



The monomers that make up nucleic acids are nucleotides. 
As indicated in Figure 2.13A, each nucleotide contains three 
parts. At the center of a nucleotide is a five-carbon sugar (blue); 
the sugar in DNA is deoxyribose (shown in Figure 2.13A), . 
whereas RNA has a slightly different sugar called ribose. Linked 
to one side-of the sugar in both types of nucleotides is a nega- • 
tively charged phosphate group (yellow).. Linked to. the -sugar's ; 
other side is a nitrogenous base (green), a molecular structure 
containing nitrogen and carbon. (The nitrogen atoms tend to 
take up H + in aqueous solutions, which explains why it is called 
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A Figure 2.13A A nucleotide, consisting of a 
phosphate group, a sugar, and a nitrogenous base 
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a nitrogenous base.) Each DNA nucleotide has one of four dif- 
ferent nitrogenous bases: adenine (A), thymine (T), cytosine 
(C), and guanine (G). Thus, all genetic information is written in 
a four-letter alphabet. RNA nucleotides also contain the bases 
A, C, and G; but the base uracil (U) is found instead of thymine. 
•Like polysaccharides and- 
. polypeptides, a:nucleic acid ■•' . 
polymer— a polynucleotide— 
is built from its monomers 
by dehydration reactions. 
In this process, the sugar of 
one nucleotide bonds to the 
phosphate group of the next 
monomer. The result is a 
repeating sugar-phosphate 
backbone in the polymer, 
as represented by the blue 
and yellow ribbon in 
Figure 2.13B. (Note that the 
nitrogenous bases are not 
part of the backbone.) Sugar-phosphate 

RNA usually consists of backbone 
a single polynucleotide a Figure 2.13B Part of a 

strand, but DNA is a polynucleotide 
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double helix, in which two polynucleotides wrap around 
each other (Figure 2.13C). The nitrogenous bases protrude 
from the two sugar-phosphate backbones and pair in the cen- 
ter of the helix. As shown by their diagrammatic shapes in 
the figure, A always pairs with T, and C always pairs with G. 
The two DNA chains are held together by hydrogen bonds 
(indicated by the dotted lines) between their paired bases. 
These bonds are individually weak, but collectively they zip 
the two strands together into a very stable double helix. Most 
DNA molecules have thousands or even millions of base 
pairs. 

Because of the base-pairing rules, the two strands of the 
double helix are said to be complementary, each a predictable 
counterpart of the other. Thus, if a stretch of nucleotides on 
one strand has the base sequence -AGCACT-, then the same 
stretch on the other strand must be -TCGTGA-. 
Complementary base pairing is the key to how a cell makes 
two identical copies of each of its DNA molecules every time it 
divides. Thus, the structure of DNA accounts for its function of 
transmitting genetic information whenever a cell reproduces. 
The same base-pairing rules (with the exception that U 
nucleotides of RNA pair with A nucleotides of DNA) also 
account for the precise transcription of information from DNA 
to RNA. 

An organisms genes determine the proteins and thus the 
structures and functions of its body. Let's return to the subject 
of the chapter introduction— lactose intolerance— to conclude 
our study of biological molecules. In the next chapter, we move 
up in the biological hierarchy to the level of the cell. 

O What roles do complementary base pairing play in the func- 
tioning of nucleic acids? 
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A Figure 2.13C DNA double helix 



Reviewing the Concepts 

Introduction to Organic Compounds (2.1-2.3) 

2.1 Life's molecular diversity is based on the properties of 
carbon. Carbons ability to bond with four other atoms is the 
basis for building large and diverse organic compounds. 
Hydrocarbons are composed of only carbon and hydrogen. 
Isomers have the same molecular formula but different 
structures. 

2.2 A few chemical groups are key to the functioning of biological 
molecules. Hydrophilic functional groups give organic molecules 
specific chemical properties. 

2.3 Cells make a huge number of large molecules from a limited 
set of small molecules. 
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Carbohydrates (2.4-2.6) 

2.4 Monosaccharides are the simplest carbohydrates. 

A monosaccharide has a formula that is a multiple of CH 2 
and contains hydroxyl groups and a carbonyl group. 

2.5 Two monosaccharides are linked to form a disaccharide. 

2.6 Polysaccharides are long chains of sugar units. Starch and 
glycogen are storage polysaccharides; cellulose is structural, found 
in plant cell walls. Chitin is a component of insect exoskeletons 
and fungal cell walls. 
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Lipids (2.7-2.8) 

2.7 Fats are lipids that are mostly energy-storage molecules. 

Lipids are diverse, hydrophobic compounds composed largely of 
carbon and hydrogen. Fats (triglycerides) consist of glycerol 
linked to three fatty acids. Saturated fatty acids are found in 
animal fats; unsaturated fatty acids are typical of plant oils. 

2.8 Phospholipids and steroids are important lipids with a vari- 
ety of functions. Phospholipids are components of cell mem- 
branes. Steroids include cholesterol and some hormones. 

Proteins (2.9-2.11) 

2.9 Proteins are made from amino acids linked by peptide 
bonds. Protein diversity is based on different sequences of amino 
acids, monomers that contain an amino group, a carboxyl group, 
an H, and an R group, all attached to a central carbon. The R 
groups distinguish 20 amino acids, each with specific properties. 

2.10 A protein's specific shape determines its function. Proteins 
are involved in almost all of a cell's activities; as enzymes, they 
regulate chemical reactions. 

2.11 A protein's shape depends on four levels of structure. 

A proteins primary structure is the sequence of amino acids in its 
polypeptide chain. Its secondary structure is the coiling or folding 
of the chain, stabilized by hydrogen bonds. Tertiary structure is 
the overall three-dimensional shape of a polypeptide, resulting 
from interactions among R groups. Proteins made of more than 
one polypeptide have quaternary structure. 

Nucleic Acids (2.12-2.13) 

2.12 DNA and RNA are the two types of nucleic acids. DNA and 

RNA serve as the blueprints for proteins and thus control the life 
of a cell. 

2.13 Nucleic acids are polymers of nucleotides. Nucleotides are 
composed of a sugar, a phosphate group, and a nitrogenous base. 
DNA is a double helix; RNA is a single polynucleotide chain. 

Connecting the Concepts 

1. The diversity of life is staggering. Yet the 
molecular logic of life is simple and elegant: 
Small molecules common to all organisms 
are ordered into unique macromolecules. 
Explain why carbon is central to this diver- 
sity of organic molecules. How do carbon 
skeletons, chemical groups, monomers, and 
polymers relate to this molecular logic of life? 

2. Complete the table to help review the structures and functions 
of the four classes of organic molecules. ' 
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Testing Your Knowledge 
Multiple Choice 

3. A glucose molecule is to starch as (Explain your answer.) 

a. a steroid is to a lipid. 

b. a protein is to an amino acid. 

c. a nucleic acid is to a polypeptide. 

d. a nucleotide is to a nucleic acid. 

e. an amino acid is to a nucleic acid. 

4. What makes a fatty acid an acid? 

a. It does not dissolve in water. 

b. It is capable of bonding with other molecules to form a fat. 

c. It has a carboxyl group that donates an H + to a solution. 

d. It contains only two oxygen atoms. 

e. It is a polymer made of many smaller subunits. 

5. Where in the tertiary structure of a water-soluble protein would 
you most likely find an amino acid with a hydrophobic R group? 

a. at both ends of the polypeptide chain 

b. on the outside, next to the water 

c. covalently bonded to another R group 

d. on the inside, away from water 

e. hydrogen-bonded to nearby amino acids 

6. Cows can derive nutrients from cellulose because 

a. they produce enzymes that recognize the shape of the 
glucose-glucose bdfids and hydrolyze them. • 

b. they reehew their c'utlto break down cellulose fibers.. ■-' 

c. one of their stomachs contains prokaryotes that can 
hydrolyze the bonds of cellulose. 

d. their intestinal tract contains termites, which produce 
enzymes to hydrolyze cellulose. 

e. they convert cellulose to starch and can digest starch. 

7. A shortage of phosphorus in the soil would make it especially 
difficult for a plant to manufacture 

a. DNA. 

b. proteins. 

c. cellulose. 

d. fatty acids. 

e. sucrose. 

8. Lipids differ from other large biological molecules in that they 

a. are much larger. 

b. are not polymers. 

c. do not have specific shapes. 

d. are nonpolar and therefore hydrophilic. 

e. contain nitrogen atoms. 
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9. Of the following functional groups, which is/are polar, tending 
to make organic compounds hydrophilic? 

a. carbonyl 

b. amino 

c. hydroxyl 

d. carboxyl 

e. all of the above 

10. Unsaturated fats 

a. are more common in animals than in plants. 

b. have fewer fatty acid molecules per fat molecule. 

c. are associated with greater health risks than are saturated 
fats. 

d. have double bonds in their fatty acid chains. 

e. are usually solid at room temperature. 

Describing, Comparing, and Explaining 

11. List three different kinds of lipids and describe their 
functions. 

12. Explain why heat, pH changes, and other environmental 
changes can interfere with a proteins function. 

13. How can a cell make many different kinds of protein out of 
only 20 amino acids? Of the myriad possibilities, how does the 
cell "know" which proteins to make? 

14. Briefly describe the various functions performed by proteins in 
a cell. 

15. Explain how DNA controls the functions of a cell. 

16. Sucrose is broken down in your intestine to the monosaccha- 
rides glucose and fructose, which are then absorbed into your 
blood. What is the name of this type of reaction? Using this 
diagram of sucrose, show how this would occur. 



CH 2 OH 

H OH OH H 

Sucrose 




17. Circle and name the functional groups in this organic mol- 
ecule. What type of compound is this? For which class of 
macromolecules is it a monomer? 
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Applying the Concepts 

18. Enzymes usually function best at an optimal pH and tempera- 
ture. The following graph shows the effectiveness of two en- 
zymes at various temperatures. 
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a. At which temperature does enzyme A perform best? 
Enzyme B? 

b. One of these enzymes is found in humans and the other in 
thermophilic (heat-loving) bacteria. Which enzyme would 
you predict comes from which organism? 

c. From what you know about enzyme structure, explain why 
the rate of the reaction catalyzed by enzyme A slows down 
at temperatures above 40°C (140°F). 

19. Some scientists hypothesize that life elsewhere in the universe 
might be based on the element silicon rather than on carbon. 
What properties does silicon share with carbon that would 
make silicon-based life more likely than, for example, neon- 
based or sulfur-based life? 

Answers to all questions can be found in Appendix 1. 
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Introduction to the Cell 

(3.1-3.3) 

Microscopes reveal the 
structures of cells— the 
fundamental units of life. 





The Nucleus and 
Ribosomes 

(3.4-3.5) 

A cells genetic instructions are 
housed in the nucleus and 
carried out by ribosomes. 



The Endomembrane 
System 

(3.6-3.10) 

The endomembrane system 

participates in the 
manufacture, distribution, and 
breakdown of materials. 




Energy-Converting 
Organelles 

(3.11-3.12) 

Mitochondria in all cells 
and chloroplasts in plant 
cells function in energy 
processing. 




The Cytoskeleton 
and Cell Surfaces 

(3.13-3.18) 

The cytoskeleton and 
extracellular components 
provide support, motility, and 
functional connections. 
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Introduction to the Cell 



3.1 Microscopes reveal the world of the cell 



Our understanding of nature often goes hand in hand with the 
invention and refinement of instruments that extend human 
senses. Before microscopes were first used in the 17th century, 
no one knew that living organisms were composed of cells. The 
first microscopes were light microscopes, like the ones you 
may use in a biology laboratory. In a light microscope (LM), 
visible light is passed through a specimen, such as a micro- 
organism or a thin slice of animal or plant tissue, and then 
through glass lenses. The lenses bend the light in such a way 
that the image of the specimen is magnified as it is projected 
into your eye or a camera. 

Magnification is the increase in the apparent size of an 
object. Figure 3.1A shows a single-celled protist called 
Paramecium. The notation "LM230X" printed along the 
right edge of this micrograph tells you that the photograph 
was taken through a light microscope and that this image is 
230 times the actual size of the organism. 

The actual size of this Paramecium is about 0.33 milli- 
meter (mm) in length. Figure 3.1B shows the size range of 
cells compared with objects both larger and smaller. The most 
common units of length that biologists use are listed at the bot- 
tom of the figure. Notice that the scale along the left side of the 
figure is logarithmic to accommodate the range of sizes shown. 
Starting at the top of the scale with 10 meters (m) and going 
down, each reference measurement marks a 10-fold decrease 
in length. Most cells are between 1 and 100 micrometers (urn) 
in diameter (yellow region of the figure) and are therefore visi- 
ble only with a microscope. Certain bacteria are as small as 
0.2 [im in diameter and can barely be seen with a light micro- 
scope, whereas bird eggs are large enough to be seen with the 
unaided eye. A single nerve cell running from the base of your 
spinal cord to your big toe may be 1 m in length, although it is 
so thin you would still need a microscope to see it. 
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A Figure 3.1A Light micrograph of a protist, Paramecium 



1 meter (m) = 10° meter (m) = 39.4 inches 
1 centimeter (cm) = 10~ 2 m = 0.4 inch 
1 millimeter (mm) = 10~ 3 m 
1 micrometer (urn) = 10~ 3 mm= lO^m 
1 nanometer (nm) = 10~ 3 um = 10~ 9 m 

A Figure 3. IB The size range of cells and related objects 



Light microscopes can effectively magnify objects about 
1,000 times. Greater magnification does not show more details 
clearly; indeed, the image becomes blurry. Thus, another im- 
portant factor in microscopy is resolution, a measure of the 
clarity of an image. Resolution is the ability of an optical 
instrument to show two nearby objects as separate. 
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For example, what looks to your unaided eye like a single star 
in the sky may be resolved as twin stars with a telescope. Just as 
the resolution of the human eye is limited, the light microscope 
cannot resolve detail finer than about 0.2 um, about the size of 
the smallest bacterium. No matter how many times its image of 
such a bacterium is magnified, the light microscope cannot 
show the details of this small cells structure. 

From the time that Hooke discovered cells in 1665 until 
the middle of the 20th century, biologists had only light 
microscopes for viewing cells. With these microscopes and 
various staining techniques to increase contrast and highlight 
parts of the sample, these early biologists discovered a great 
deal — microorganisms, animal and plant cells, and even some 
of the structures within cells. By the mid- 1800s, these discover- 
ies led to the cell theory, which states that all living things are 
composed of cells and that all cells come from other cells. 



Our knowledge of cell structure took a giant leap forward 
as biologists began using the electron microscope in the 
1950s. Instead of using light, an electron microscope (EM) 
focuses a beam of electrons through a specimen or onto its 
surface. Electron microscopes can distinguish biological 
structures as small as about 2 nanometers (nm), a 100-fold 
improvement over the light microscope. This high resolution 
has enabled biologists to explore cell ultrastructure, the com- 
plex internal anatomy of a cell. 

*> Which type of microscope would you use to study (a) the 
changes in shape of a living human white blood cell; (b) the 
finest details of surface texture of a human hair; (c) the 
detailed structure of an organelle in a liver cell? 
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3.2 Prokaryotic cells are structurally simpler than eukaryotic cells 



Two kinds of cells, which differ in size and structure, have de- 
veloped over time. Bacteria and archaea consist of prokaryotic 
cells, whereas all other forms of life (protists, fungi, plants, and 
animals) are composed of eukaryotic cells. Eukaryotic cells are 
distinguished by having a membrane-enclosed nucleus, which 
houses most of their DNA. The word eukaryote means "true 
nucleus" (from the Greek eu, true, and karyon, kernel, referring 
to the nucleus). The word prokaryote means "before nucleus" 
(from the Greek pro, before), reflecting the fact that prokary- 
otic cells developed before eukaryotic cells. They are also, as 
you shall see, structurally much simpler than eukaryotic cells 
while sharing some common characteristics. 

All cells have several basic features in common. In addition 
to being bounded by a plasma membrane, all cells have one or 
more chromosomes carrying genes made of DNA. And all cells 
contain ribosomes, tiny structures that make proteins according, 
to instructions from the genes. The interior of .both types of cell 
is called the cytoplasm. However, in eukaryotic cells, this term 
refers only to the region between the nucleus and the plasma 
membrane. The cytoplasm of a eukaryotic cell contains many 
membrane-enclosed organelles that perform specific functions. 

The cutaway diagram in Figure 3.2 reveals the structure of a 
generalized prokaryotic cell. Notice that the DNA is coiled into 
a region called the nucleoid (nucleus-like), but in contrast to 
the nucleus of eukaryotic cells, no membrane surrounds the 
DNA. The ribosomes of prokaryotes (shown here in brown) 
are smaller and differ somewhat from those of eukaryotes. 
These molecular differences are the basis for the action of some 
antibiotics, such as tetracycline and streptomycin, which target 



prokaryotic ribosomes. Thus, protein synthesis can be blocked 
for the bacterium that's invaded you, but not for you, the 
eukaryote who is taking the drug. 

Outside the plasma membrane (shown here in gray) of 
most prokaryotes is a fairly rigid, chemically complex cell 
wall (orange). The wall protects the cell and helps maintain 
its shape. Some antibiotics, such as penicillin, prevent the 
formation of these protective walls. Again, since your cells 
don't have such walls, these antibiotics can kill invading 
bacteria without harming your cells. Certain prokaryotes have 
a sticky outer coat called a capsule (yellow) around the cell 
wall, helping to glue the cells to surfaces, such as sticks and 
rocks in fast-flowing streams or tissues within the human body. 
In addition to capsules, some prokaryotes have surface. . 
projections. Short projections help attach prokaryotes to each 
other or their substrate. Longer projections called flagella 
(singular, ^a£e//um) prqpel.a ; prokaryo&^ . 
environment. 

It takes an electron microscope to see the details of any cell, 
and this is especially true of prokaryotic cells (Figure 3.2, right 
side). Most prokaryotic cells are about one-tenth the size of a 
typical eukaryotic cell. Eukaryotic cells are the main focus of 
this chapter, so we turn to these next. 

7 List three features that are common to prokaryotic and 
eukaryotic cells. List three features that differ. 
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A Figure 3.2 A diagram (left) and electron micrograph (right) of a typical 
prokaryotic cell 



3.3 Eukaryotic cells are partitioned into functional compartments 



All eukaryotic cells— whether from animals, plants, protists, 
or fungi— are fundamentally, similar to one another and 
profoundly different from prokaryotic cells. Let's look at 
an animal cell and a plant cell as.representatives of .the . 
eukaryotes, ., . . ....... . • . 

Figure 3.3A is a diagram of an idealized animal cell. 
No cell would look exactly like this. We color-code the 
various organelles and other structures in the diagrams for 
easier identification. And recall from the chapter introduction 
that in living cells many of these structures are moving and 
interacting. 

The nucleus is the most obvious difference between a 
prokaryotic and eukaryotic cell. A eukaryotic cell also contains 
various other organelles ("little organs"), which perform spe- 
cific functions in the ceE. Just as the cell itself is wrapped in a 
membrane made of phospholipids and proteins that perform 
various functions, each organelle is bounded by a membrane 
with a lipid and protein composition that suits its function. 

The organelles and other structures of eukaryotic cells 
can be organized into four basic functional groups as follows: 
(1) The nucleus and ribosomes carry out the genetic control of 
the cell. (2) Organelles involved in the manufacture, distribu- 



tion, and breakdown of molecules include the endoplasmic 
reticulum,- Golgi apparatus, lysosomes, vacuoles, and peroxi- 
somes. (3) Mitochondria in all cells and chloroplasts in plant 
• cells function in energy processing. (4> Structural support, ■- 
.movemeptiand-'commufiication between cells are-the font--' " 
tions of the cytoskeleton, plasma membrane, and plant cell 
wall. These cellular components are identified in the figures on 
these two pages and will be examined in greater detail in the 
remaining modules of this chapter. 

In essence, the internal membranes of a eukaryotic cell par- 
tition it into compartments. Many of the chemical activities of 
cells— activities known collectively as cellular metabolism- 
occur within organelles. In fact, many enzymatic proteins es- 
sential for metabolic processes are built into the membranes of 
organelles. The fluid-filled spaces within organelles are impor- 
tant as sites where specific chemical conditions are maintained. 
These conditions vary from one organelle to another and favor 
the metabolic processes occurring in each kind of organelle. 
For example, while a part of the endoplasmic reticulum is en- 
gaged in making steroid hormones, neighboring peroxisomes 
may be detoxifying harmful compounds and making hydrogen 
peroxide (H 2 2 ) as a poisonous by-product of their activities. 
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A Figure 3.3A An animal cell 



But because the H 2 2 is confined within peroxisomes, where 
it is quickly converted to H 2 by resident enzymes, the rest of 
the cell is protected from destruction." 

Almost all of the organelles and other structures of animal 
cells are also present in plant cells. As you can see in Figure 
3.3A, however, there are a few exceptions: Lysosomes and cen- 
trioles are not found in plant cells. Also, although some animal 
cells have flagella or cilia (not shown in Figure 3.3A), among 
plants, only the sperm cells of a few species have flagella. 
(The flagella of prokaryotic cells differ in both structure and 
function from eukaryotic flagella.) 

A plant cell (Figure 3.3B) also has some structures that an 
animal cell lacks. For example, a plant cell has a rigid, rather 
thick cell wall (as do the cells of fungi and many protists). Cell 
walls protect cells and help maintain their shape. Chemically 
different from prokaryotic cell walls, plant cell walls contain 
the polysaccharide cellulose. Plasmodesmata (singular, 
plasmodesma) are cytoplasmic channels through cell walls 
that connect adjacent cells. An important organelle found in 
plant cells is the chloroplast, where photosynthesis occurs. 



(Chloroplasts are also found in algae and some other protists.) 
Unique to plant cells is a large central vacuole, a compartment 
that stores water and ■avariety of chemicals. • . • -• 

Although we have emphasized organelles, eukaryotic cells 
contain nonmembranous structures as well. The cytoskeleton 
is composed of different types of protein fibers that extend 
throughout the cell. These networks provide for support and 
movement. As you can see by the many brown dots in both fig- 
ures, ribosomes occur throughout the cytoplasm, as they do in 
prokaryotic cells. In addition, eukaryotic cells have many ribo- 
somes attached to parts of the endoplasmic reticulum (making 
it appear "rough") and to the outer membrane of the nucleus. 

Lets begin our in-depth tour of the eukaryotic cell, starting 
with the nucleus. 

"i Which of the following cellular structures differs from the 
others in the list: mitochondrion, chloroplast, ribosome, 
lysosome, vacuole? How does it differ? 
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The Nucleus and Ribosomes 

3.4 The nucleus is the cell's genetic control center 



The nucleus contains most of the cell's DNA— its master 
plans— and controls the cells activities by directing protein 
synthesis. The DNA is associated with many proteins in the 
structures called chromosomes. The proteins help organize 
and coil the long DNA molecule. Indeed,- the DNA of the 46 ' 
chromosomes in one of your cells laid end to end- would • 
stretch to a length of over 2 m, but it must coil up to fit into a 
nucleus only 5 urn in diameter. When a cell is not dividing, this 
complex of proteins and DNA, called chromatin, appears as a 
diffuse mass, as shown in the TEM (left) and diagram (right) 
of a nucleus in Figure 3.4. 

As a cell prepares to divide, the DNA is copied so that each 
daughter cell can later receive an identical set of genetic in- 
structions. Just prior to cell division, the thin chromatin fibers 
coil up further, becoming thick enough to be visible with a 
light microscope as the familiar separate structures you would 
probably recognize as chromosomes. 

Enclosing the nucleus is a double membrane called the 
nuclear envelope. Each of the membranes is a separate 
phospholipid bilayer with associated proteins. Similar in func- 
tion to the plasma membrane, the nuclear envelope controls 
the flow of materials into and out of the nucleus. As you can 
see in the diagram in Figure 3.4, the nuclear envelope is perfo- 



rated with protein-lined pores that regulate the movement of 
large molecules and also connects with the cells network of 
membranes called the endoplasmic reticulum. 

The nucleolus, a prominent structure in the nucleus, is 
the site where a special type of UNA called ribosomal RNA 
■ - ' (rRNA) is synthesized- according to instruction's- frr the DNA. 
Proteins brought in through the nuclear pores from the 
cytoplasm are assembled with this rRNA to form the subunits 
of ribosomes. These subunits then exit through the pores 
to the cytoplasm, where they will join to form functional 
ribosomes. 

The nucleus directs protein synthesis by making another 
type of RNA, messenger RNA (mRNA). Essentially, mRNA is a 
transcription of protein-synthesizing instructions written in a 
genes DNA (see Figure 2.12). The mRNA moves through the 
pores in the nuclear envelope to the cytoplasm. There it is 
translated by ribosomes into the amino acid sequences of 
proteins. Let's look at ribosomes next. 

? What are the main functions of the nucleus? 
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3.5 Ribosomes make proteins for use in the cell and for export 



If the nucleus is the command center, then ribosomes are the 
machines on which those commands are carried out. Ribo- 
somes are the cellular components that use instructions sent 
from the nucleus to carry out protein synthesis. Cells that make 
a lot of proteins have a large number of ribosomes. For exam- 
ple, a human pancreas cell producing digestive enzymes may 
contain a few million ribosomes. What other structure would 
you expect to be prominent in cells that are active in protein 
synthesis? As youjust learned, nucleoli assemble the subunits ' 
■ ofTibosomes-butofribosota'alRNA'andprotein. "•' ' '* 

As shown in the colorized TEM in Figure 3.5, ribosomes are 
found in two locations in the cell. Free ribosomes are suspended 
in the fluid of the cytoplasm, while bound ribosomes are at- 
tached to the outside of the endoplasmic reticulum or nuclear 
envelope. Free and bound ribosomes are structurally identical, 
and ribosomes can alternate between the two locations. 

Most of the proteins made on free ribosomes function 
within the cytoplasm; examples are enzymes that catalyze the 
first steps of sugar breakdown. In Module 3.6, you will see how 
bound ribosomes make proteins that will be inserted into 
membranes, packaged in certain organelles, or exported from 
the cell. 

At the bottom right in Figure 3.5, you see how ribosomes 
interact with messenger RNA (carrying the instructions from a 
gene) to build a protein. The nucleotide sequence of an mRNA 
molecule is translated into the amino acid sequence of a 
polypeptide. Protein synthesis is explored in more detail in 



Ribosomes ER 




A Figure 3.5 The locations and structure of ribosomes 



Chapter 9. Next lets look at more of the manufacturing equip- 
ment of the cell. 

1 What role do ribosomes play in carrying out the genetic 
instructions of a cell? 
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The Endomembrane System 



3.6 The endoplasmic reticulum is a biosynthetic factory 



One of the major manufacturing sites in a cell is the endoplas- 
mic reticulum. The diagram in Figure 3.6A shows a cutaway 
view of the interconnecting membranes of the smooth and 
rough ER. These two types of ER can be distinguished in the 
electron micrograph. Smooth endoplasmic reticulum is 
called smooth because it lacks attached ribosomes. Rough 
endoplasmic reticulum has ribosomes that stud the outer sur- 
face of the membrane; thus, it appears rough in the electron 
micrograph. 

Smooth ER The smooth ER of various cell types functions 
in a variety of metabolic processes. Enzymes of the smooth 
ER are important in the synthesis of lipids, including oils, 
phospholipids, and steroids. In vertebrates, for example, 
cells of the ovaries and testes synthesize the steroid sex hor- 
mones. These cells are rich in smooth ER, a structural feature 
that fits their function by providing ample machinery for 
steroid synthesis. 

Our liver cells also have large amounts of smooth ER, with 
other important functions. Certain enzymes in the smooth 
ER of liver cells help process drugs and other potentially 
harmful substances. The sedative phenobarbital and other bar- 
biturates are examples of drugs detoxified by these enzymes. 
As liver cells are exposed to such chemicals, the amount of 
smooth ER and its detoxifying enzymes increases, thereby 
increasing the rate of detoxification and thus the body's 
tolerance to the drugs. The result is a need for higher and 
higher doses of a drug to achieve a particular effect, such 
as sedation. Also, because detoxifying enzymes often 
cannot distinguish among related chemicals, the growth 
of smooth ER in response to one drug can increase tolerance 
to other drugs. Barbiturate abuse, for example, can decrease the 
effectiveness of certain antibiotics and other useful drugs. 

Smooth ER has yet another function, the storage of calcium 
•ions. In muscle cells,' for example, a specialized smooth ER 
•membrane punips- calcium ions into the interior .of the ER. • 
When a nerve signal stimulates a muscle cell, calcium ions rush 
from the smooth ER into the cytoplasmic fluid and trigger 
contraction of the cell. 

Rough ER One of the functions of rough ER is to make more 
membrane. Phospholipids made by enzymes of the rough ER 
are inserted into the ER membrane. Thus, the ER membrane 
grows, and portions of it are transferred to other components 
of the endomembrane system as vesicles. 

The bound ribosomes attached to rough ER produce pro- 
teins that will be inserted into the growing ER membrane, 
transported to other organelles, or secreted by the cell. An ex- 
ample of a secretory protein is insulin, a hormone secreted by 
specialized cells in the pancreas. Type 1 diabetes results when 
these cells are destroyed and a lack of insulin disrupts glucose 
metabolism in the body. 

Figure 3.6B follows the synthesis, modification, and packag- 
ing of a secretory protein. ft As the polypeptide is synthesized 




A Figure 3.6A Smooth and rough endoplasmic reticulum 




A Figure 3.6B Synthesis and packaging of a secretory protein by the 
rough ER 



by a bound ribosome following the instructions of an mRNA, it 
is threaded into the cavity of the rough ER. As it enters, the new 
protein folds into its three-dimensional shape. t§ Short chains 
of sugars are often linked to the polypeptide, making the 
molecule a glycoprotein (glyco means "sugar"). © When the 
molecule is ready for export from the ER, it is packaged in a 
transport vesicle, a vesicle that moves from one part of the 
cell to another. © This vesicle buds off from the ER membrane. 
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The vesicle now carries the protein to the Golgi apparatus (de- 
scribed in the next module) for further processing. From there, 
a transport vesicle containing the finished molecule makes 
its way to the plasma membrane and releases its contents from 
the cell. 



^ Explain why we say that the endoplasmic reticulum is a 
biosynthetic factory. 
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3.7 The Golgi apparatus finishes, sorts, and ships cell products 



After leaving the ER, many transport vesicles travel to the 
Golgi apparatus. Using a light microscope and a staining tech- 
nique he developed, Italian scientist Camillo Golgi discovered 
this membranous organelle in 1898. The electron microscope 
confirmed his discovery more than 50 years later, revealing a 
stack of flattened sacs, looking much like a pile of pita bread. 
A cell may contain many, even hundreds, of these stacks. The 
number of Golgi stacks correlates with how active the cell is in 
secreting proteins— a multistep process that, as we have just 
seen, is initiated in the rough ER. 

The Golgi apparatus serves as a molecular warehouse and 
finishing factory for products manufactured by the ER. You 
can follow this process in Figure 3.7. Note that the flattened 
Golgi sacs are not connected, as are ER sacs. Q One side of a 
Golgi stack serves as a receiving dock for transport vesicles 
produced by the ER. Q A vesicle fuses with a Golgi sac, adding 
its membrane and contents to the receiving side. Q Products 
of the ER are modified during their transit through the Golgi. 
© The other side of the Golgi, the shipping side, gives rise to 
vesicles, which bud off and travel to other sites. 

How might ER products be processed during their transit 
through the 




Golgi? Various Golgi enzymes modify the carbohydrate por- 
tions of the glycoproteins made in the ER, removing some sug- 
ars and substituting others. Molecular identification tags, such 
as phosphate groups, may be added that help the Golgi sort 
molecules into different batches for different destinations. 

Until recently, the Golgi was viewed as a static structure, 
with products in various stages of processing moved from sac 
to sac by transport vesicles. Recent research has given rise to a 
new maturation model in which entire sacs "mature" as they 
move from the receiving to the shipping side, carrying and 
modifying their cargo as they go. The shipping side of the Golgi 
stack serves as a depot from which finished secretory products, 
packaged in transport vesicles, move to the plasma membrane 
for export from the cell. Alternatively, finished products may 
become part of the plasma membrane itself or part of another 
organelle, such as a lysosome, which we discuss next. 

*) What is the relationship of the Golgi apparatus to the ER in a 
protein-secreting cell? 
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A Figure 3,7 The Golgi apparatus 
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3.8 Lysosomes are digestive compartments within a cell 



A lysosome is a membranous sac of digestive enzymes. The 
name lysosome is derived from two Greek words meaning 
"breakdown body." The enzymes and membranes of lysosomes 
are made by rough ER and processed in the Golgi apparatus. Il- 
lustrating a main theme of eukaryotic cell structure— compart- 
mentalization— a lysosome provides an acidic environment for 
its enzymes, while safely isolating them from the rest of the cell. 

Lysosomes have several types of digestive functions. Many 
protists engulf food particles into membranous sacs called food 
vacuoles. As Figure 3.8A shows, lysosomes fuse with food 
vacuoles and digest the food. The nutrients are then released 
into the cell fluid. Our white blood cells engulf and destroy 
bacteria using lysosomal enzymes. Lysosomes also serve as re- 
cycling centers for animal cells. Damaged organelles or small 
amounts of cell fluid become surrounded by a membrane. A 
lysosome fuses with such a vesicle (Figure 3.8B) and disman- 
tles its contents, making organic molecules available for reuse. 
With the help of lysosomes, a cell continually renews itself. 

The cells of people with inherited lysosomal storage diseases 
lack one or more lysosomal enzymes. The lysosomes become 
engorged with undigested material, eventually interfering with 
cellular function. In Tay-Sachs disease, for example, a lipid- 
digesting enzyme is missing, and brain cells become impaired 
by an accumulation of lipids. Lysosomal storage diseases are 
often fatal in early childhood. 

*3> How is a lysosome like a recycling center? 
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A Figure 3.8B Lysosome fusing with a vesicle containing a 
damaged organelle and digesting and recycling its contents 



3.9 Vacuoles function in the general maintenance of the cell 



Vacuoles are large vesicles that have a variety of functions. 
In Figure 3.8A, you saw how a food vacuole forms as a cell 
ingests food. Figure 3.9A shows two contractile vacuoles in 
the protist Paramecium, looking somewhat like wheel hubs 
with radiating spokes. The "spokes" collect water from the. • 
cell, and the hub expels it to the outside.. Freshwater protists 
constantly fake in water from their 
em n on merit. Without a way to 
get rid of the excess water, the 
cell would swell and burst. 
In plants, some vac- 
uoles have a digestive 
function similar to that 
of lysosomes in ani- 
I mal cells. Vacuoles in 
I flower petals contain 
I pigments that attract 
| pollinating insects. 
Vacuoles may also 
contain poisons or 
unpalatable compounds 
that protect the plant 
against herbivores; 
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A Figure 3.9A Contractile 
vacuoles in Paramecium, a 
single-celled organism 
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A Figure 3.9B Central vacuole in a plant cell 



examples include nicotine, caffeine, and various chemicals we 
use as pharmaceutical drugs. Figure 3.9B shows a plant cell's 
large central vacuole, which helps the cell grow in size by 
absorbing water and enlarging. It also stockpiles vital chemicals 
and acts as a trash can, safely storing toxic waste products. 

? Is a food vacuole part of the endomembrane system? 
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3.10 A review of the structures involved in manufacturing and breakdown 



Figure 3.10 summarizes the relationships within the 
endomembrane system. You can see the direct structural 
connections between the nuclear envelope, rough ER, and 
smooth ER. The red arrows show the functional connec- 
tions, as membranes and proteins produced by the ER 
travel in transport vesicles to the Golgi and on to other 
destinations. Some vesicles develop into lysosomes or vac- 
uoles. Others transport products to the outside of the cell. 
When these vesicles fuse with the plasma membrane, their 
contents are secreted from the cell and their membrane is 
added to the plasma membrane. 

Peroxisomes (see Figures 3.3A and B) are metabolic 
compartments that do not originate from the endomem- 
brane system. In fact, how they are related to other or- 
ganelles is still unknown. Some peroxisomes break down 
fatty acids to be used as cellular fuel. In your liver, peroxi- 
somes detoxify harmful compounds, including alcohol. In 
these processes, enzymes transfer hydrogen from various 
compounds to oxygen, producing hydrogen peroxide 
(H 2 2 ). Other enzymes in the peroxisome quickly convert 
this toxic product to water — another example of the 
importance of a cells compartmental structure. . 

A cell requires a continuous supply of energy to perform the 
work of life. Next we consider two organelles that act as cellular 
power stations— mitochondria and chloroplasts. 
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A Figure 3.10 Connections among the organelles of the 
endomembrane system 

*i How do transport vesicles help tie together the endomem- 
brane system? 
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Energy-Converting Organelles 

3.11 Mitochondria harvest chemical energy from food 



Mitochondria (singular, mitochondrion) are organelles that 
carry out cellular respiration in nearly all eukaryotic cells, 
converting the chemical energy of foods such as sugars to 
the chemical energy of the molecule called ATP (adenosine 
triphosphate). ATP is the main energy source for cellular 
work. 

• "' As you have come to expect, a mitochondrion's structure 
suits its function. It is enclosed by two membranes, each a 
phospholipid bilayer with a unique collection of embedded 
proteins (Figure 3.11). The mitochondrion has two internal 
compartments. The first is the intermembrane space, the 
narrow region between the inner and outer membranes. 
The inner membrane encloses the second compartment, the 
mitochondrial matrix, which contains mitochondrial DNA 
and ribosomes, as well as many enzymes that catalyze some of 
the reactions of cellular respiration. The inner membrane is 
highly folded and contains many embedded protein molecules 
that function in ATP synthesis. The folds, called cristae, 
increase the membranes surface area, enhancing the mito- 
chondrion's ability to produce ATP. 

"> What is cellular respiration? 
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3.12 Chloroplasts convert solar energy to chemical energy 

Most of the living world runs on the energy provided by 
photosynthesis, the conversion of light energy from the s 
to the chemical energy of sugar molecules. Chloroplasts 
the photosynthesizing organelles of all photosynthetic 
eukaryotes. The chloroplasts solar power system is 
much more efficient than anything yet produced x 
by human ingenuity. § 

Befitting an organelle that carries out com- 
plex, multistep processes, internal membranes 
partition the chloroplast into compartments 
(Figure 3.12). The chloroplast is enclosed by an 
inner and outer membrane separated by a thin 
intermembrane space. The compartment inside 
the inner membrane holds a thick fluid called stroma, 
which contains chloroplast DNA and ribosomes as 
well as many enzymes. A network of interconnected 
sacs called thylakoids is inside the chloroplast. The 
compartment inside these sacs is called the thylakoid space. 
In some regions, thylakoids are stacked like poker chips; each 
stack is called a granum (plural, grand). The grana are the 
chloroplasts solar power packs— the sites where the green 
chlorophyll molecules embedded in thylakoid membranes 
trap solar energy. 




•Thylakoid 



A Figure 3.12 The chloroplast 



Which membrane in a chloroplast appears to be the most 
extensive? Why might this be so? 

-sisaqiuXsojoifd .ioj [[iqdojo^p suii'iiion 3inuqui3iu |0 

B3.1C d3.IE[ K 8uipiA().ld '3AISU3JX3 JS'OUI 3.11! SMlUUqUUlir pi()>H![Al[) 3l[J 



The Cytoskeleton and Cell Surfaces 



3.13 Cilia and flagella 

The role of the cytoskeleton in movement is clearly seen in 
the motile appendages that protrude from certain cells. The 
short, numerous appendages that propel protists such as 
Paramecium (see Figure 3.1C) are called cilia (singular, cilium). 
Other protists may move .using flagella,. which are longer than 
cilia and usually limited to one or. a few. per'-cell. . : : . - 

Some cells of multi- 
cellular organisms also 
have cilia or flagella. For 
example, Figure 3.13A 
shows cilia on cells 
lining the human 
windpipe. In this case, 
the cilia sweep mucus 
containing trapped 
debris out of your 
lungs. (This cleaning 
function is impaired by 
cigarette smoke, which 
paralyzes the cilia.) 
Most animals and 
some plants have 
flagellated sperm. 




A Figure 3.13A Cilia on cells lining 
the respiratory tract 



A flagellum, shown in Figure 3.13B, propels the cell by an 
undulating whiplike motion. In contrast, cilia work more 
like the coordinated oars of a rowing team. • 

Though different in length and beating pattern, cilia and 
flagella have a common structure and mechanism of move- 
ment {Figure 3.13C); Both are composed of microtubules '-' -• 
wrapped in an extension of the plasma membrane. In nearly 
all eukaryotic cilia and flagella, a ring of nine microtubule 
doublets surrounds a central pair of microtubules. This 
arrangement is called the 9 + 2 pattern. The microtubule 
assembly extends into an anchoring structure called a basal 
body (not shown in the figure), which consists of a ring of 
nine microtubule triplets. Basal bodies are very similar in 
structure to centrioles, which are found in the microtubule- 
organizing center of animal cells. 

How does this microtubule assembly produce the bending 
movement of cilia and flagella? Bending involves large motor 
proteins called dyneins (red in the figure) that are attached 
along each outer microtubule doublet. A dynein protein has 
two "feet" that "walk" along an adjacent doublet, one foot 
maintaining contact while the other releases and reattaches 
one step farther along its neighboring microtubule. The outer 
doublets and two central microtubules are held together by 
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flexible cross-linking proteins and radial spokes (purple in 
the diagram). If the doublets were not held in place, the walk- 
ing action would make them slide past each other. Instead, 
\the movements of the dynein feet cause the 
|microtubules— and consequently the 
; cilium or flagellum— to bend. 

A cilium may also serve as a ; 
signal-receiving "antenna" for the cell, i 
Cilia with this function are generally i 
nonmotile (they lack the central pair 
gf ; of microtubules) and there is only one 
I per cell. In fact, in vertebrate animals, it 
" appears that almost all cells have what is 
called a primary cilium. Although the primary 
g cilium was discovered over a century ago, its im- 
I portance to embryonic development, sensory recep- 
I tion, and cell function is only now being recognized. 
Defective primary cilia have been linked to polycystic 
kidney disease and other human disorders. 

. ^ Compare and contrast cilia and flagella. 
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< Figure 3.13B 

Undulating flagellum on 
a human sperm cell 




A Figure 3.13C Structure of *** 
a eukaryotic flagellum or cilium 



3.14 Cell walls enclose and support plant cells 



The cell wall is one feature that distinguishes plant cells from 
animal cells. This rigid extracellular structure not only pro- 
tects the cells but provides the skeletal support that keeps 
•plants upright on land. Plant cell walls consist of fibers of 
cellulose embedded in a matrix of other polysaccharides 
and proteins: This fibers-in-a-matrfx construction-resembles • 
•that of fiberglassr-amantifactured product also noted for its ' •■ 
strength. 

Figure 3.14 shows the layered structure of plant cell walls. 
Cells initially lay down a relatively thin and flexible primary 
wall, which allows the growing cell to continue to enlarge. 
Some cells then add a secondary wall deposited in laminated 
layers. Wood consists mainly of secondary walls, which are 
strengthened with rigid molecules called lignin. Between adja- 
cent cells is a layer of sticky polysaccharides called pectins 
(shown here in dark brown), which glue the cells together. 
(Pectin is used to thicken jams and jellies.) 

Despite their thickness, plant cell walls do not totally isolate 
the cells from each other. To function in a coordinated way as 
part of a tissue, the cells must have cell junctions, structures that 
connect them to one another. Figure 3.14 shows the numerous 
channels between adjacent plant cells, called plasmodesmata 
(singular, plasmodesma). Notice that the plasma membrane and 
the cytoplasm of the cells extend through the plasmodesmata, 




A Figure 3.14 Plant cell walls and plasmodesmata 



so that water and other small molecules can readily pass from 
cell to cell. Through plasmodesmata, the cells of a plant tissue 
share water, nourishment, and chemical messages. 

? Which animal cell junction is analogous to a plasmodesma? 

■uoipimf dc8 y 



44 Introduction to Biology 



3.15 Review: Eukaryotic cell structures can be grouped 
on the basis of four main functions 



Congratulations, you have com- 
pleted the grand tour of the cell. 
In the process, you have been 
introduced to many important 
cell structures. To provide a 
framework for this information 
and reinforce the theme that 
structure is correlated with 
function, we have grouped the 
eukaryotic cell structures into 
four categories by general func- 
tion, as reviewed in Table 3.15. 



1 How do mitochondria, 

smooth ER, and the cytoskele- 
ton all contribute to the con- 
traction of a muscle cell? 
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TABLE 3.15 



EUKARYOTIC CELL STRUCTURES AND FUNCTIONS 



1. Genetic Control 

Nucleus 

Ribosomes 



DNA replication, RNA synthesis; assembly of ribosomal subunits 
(in nucleoli) 



Polypeptide (protein) synthesis 



2. Manufacturing, Distribution, and Breakdown 

Rough ER 



Smooth ER 
Golgi apparatus 

Lysosomes (in animal cells 
and some protists) 

Vacuoles 

Peroxisomes (not part 
of endomembrane system) 



Synthesis of membrane lipids and proteins, secretory proteins, 
and hydrolytic enzymes; formation of transport vesicles 

Lipid synthesis; detoxification in liver cells; calcium ion storage 

Modification and sorting of macromolecules; formation 
of lysosomes and transport vesicles 

Digestion of ingested food, bacteria, and a cell's damaged 
organelles and macromolecules for recycling 

Digestion (food vacuole); storage of chemicals and cell 
enlargement (central vacuole); water balance (contractile vacuole) 

Diverse metabolic processes, with breakdown of toxic hydrogen 
peroxide by-product 



3. Energy Processing 




Mitochondria 


Conversion of chemical energy in food to chemical energy of ATP 


i Chloroplasts (in plants 


Conversion of light energy to chemical energy of sugars 


1 and some protists) 



4. Structural Support, Movement, and Communication Between Cells 

Cytoskeleton (microfilaments, 
intermediate filaments, 
and microtubules) 

Extrac ellular matrix (in animals) Support; regulation of cellular activities 

Communication between cells; binding of cells in tissues 
Support and protection; binding of cells in tissues 



Maintenance of cell shape; anchorage for organelles; 
movement of organelles within cells; cell movement (crawling, 
muscle contraction, bending of cilia and flagella) 



Cell junctions 

Cell walls (in plants, fungi 
and some protists) 





Reviewing the Concepts 

Introduction to the Cell (3.1-3.3) 

3.1 Microscopes reveal the world of the cell. The light 
microscope can magnify up to 1,000 times. The greater 
magnification and resolution of the scanning and 
transmission electron microscopes reveal the 
ultrastructure of cells. 

3.2 Prokaryotic cells are structurally simpler than 
eukaryotic cells. All cells have a plasma membrane, 
DNA, ribosomes, and cytoplasm. Prokaryotic cells 
are smaller than eukaryotic cells and lack a 
membrane-enclosed nucleus. 




3.3 Eukaryotic cells are partitioned Into functional compart- 
ments. Membranes form the boundaries of organelles, compart- 
mentalizing a cell's activities. 

The Nucleus and Ribosomes (3.4-3.5) 

3.4 The nucleus is the cell's genetic control center. The nucleus 
houses the cell's DNA and directs protein synthesis by making mes- 
senger RNA. The nucleolus makes the subunits of ribosomes. 

3.5 Ribosomes make proteins for use in the cell and for export. 

Composed of ribosomal RNA and proteins, ribosomes synthesize 
proteins according to directions from DNA. 

The Endomembrane System (3.6-3.10) 

3.6 The endoplasmic reticulum Is a biosynthetic factory. The ER is a 

membranous network of tubes and sacs. Smooth ER synthesizes 
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lipids and processes toxins. Rough ER manufactures membranes, and 
ribosomes on its surface produce membrane and secretory proteins. 

3.7 The Golgi apparatus finishes, sorts, and ships cell products. 
The Golgi apparatus consists of stacks of sacs that modify ER prod- 
ucts and then ship them to other organelles or to the cell surface. 

3.8 Lysosomes are digestive compartments within a cell. 
Lysosomes house enzymes that function in digestion and recy- 
cling within the cell. 

3.9 Vacuoles function in the general maintenance of the cell. Some 
protists have contractile vacuoles. Plant cells contain a large central 
vacuole that stores molecules and wastes and facilitates growth. 

3.10 A review of the structures involved in manufacturing and 
breakdown. The organelles of the endomembrane system are 
interconnected structurally and functionally. 

Energy-Converting Organelles (3.11-3.12) 

3.11 Mitochondria harvest chemical energy from food. 

3.12 Chloroplasts convert solar energy to chemical energy. 

The Cytoskeleton and Cell Surfaces (3.13-3.15) 

3.13 Cilia and flagella move when microtubules bend. Eukaryotic 
cilia and flagella are locomotor appendages made of microtubules 
in a 9 + 2 arrangement. 

3.14 Cell walls enclose and support plant cells. Plant cell" walls 
are made largely of cellulose. Plasmodesmata are connecting chan- 
nels between cells. 

3.15 Review: Eukaryotic cell structures can be grouped on the 
basis of four main functions. These functions are (1) genetic con- 
trol; (2) manufacturing, distribution, and breakdown; (3) energy 
processing; and (4) structural support, movement, and communi- 
cation between cells. 

Connecting the Concepts 

1. Label the structures in this diagram of an animal cell. Review 
the functions of each of these organelles. 




2. List some structures found in animal cells but not in plant cells. 

3. List some structures found in plant cells but not in animal cells. 



Testing Your Knowledge 

Multiple Choice 

4. Which of the following clues would tell you whether a cell is 
prokaryotic or eukaryotic? 

a. the presence or absence of a rigid cell wall 

b. whether or not the cell is partitioned by internal 
membranes 

c. the presence or absence of ribosomes 

d. whether or not the cell carries out cellular metabolism 

e. whether or not the cell contains DNA 

5. Which statement correctly describes bound ribosomes? 

a. Bound ribosomes are enclosed in a membrane. 

b. Bound and free ribosomes are structurally different. 

c. Bound ribosomes are most commonly found on the surface 
of the plasma membrane. 

d. Bound ribosomes generally synthesize membrane proteins 
and secretory proteins. 

e. Bound ribosomes produce the subunits of microtubules, 
microfilaments, and intermediate filaments. 

Choose from the following cells for questions 6-10: 

a. muscle cell in thigh of long-distance runner 

b. pancreatic cell that secretes digestive enzymes 

c. ovarian cell that produces the steroid hormone estrogen 

d. cell in tissue layer lining digestive tract 

e. white blood cell that engulfs bacteria 

6. In which cell would you find the most lysosomes? 

7. In which cell would you find the most mitochondria? 

8. In which cell would you find the most smooth ER? 

9. In which cell would you find the most rough ER? 

10. In which cell would you find the most tight junctions? 

1 1. A type of cell called a lymphocyte makes proteins that are ex- 
ported from the cell. Which of the following traces the path of 
a protein from the site where its polypeptides are made to its 
export? 

a. chloroplast . . . Golgi . . . lysosomes . . . plasma membrane 

b. Golgi . . . rough ER . . . smooth ER . . . transport vesicle 

c. rough ER . . . Golgi . . . transport vesicle . ... plasma membrane . 

d. smooth ER . . . Golgi . . . lysosome . . . plasma membrane 

e. nucleus . . . rough ER . . . Golgi . . . plasma membrane 

. 12. Which of the following structures is not directly .ijiyolved in cell 
support or movement? 

a. microfilament 

b. flagellum 

c. microtubule 

d. gap junction 

e. cell wall 

Describing, Comparing, and Explaining 

13. What four cellular components are shared by prokaryotic and 
eukaryotic cells? 

14. Briefly describe the three kinds of junctions that can connect 
animal cells, and compare their functions. 

15. What general function do the chloroplast and mitochondrion 
have in common? How are their functions different? 

16. In what ways do the internal membranes of a eukaryotic cell 
contribute to the functioning of the cell? 

17. Describe two different ways in which the motion of cilia can 
function in organisms. 
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18. Explain how a protein inside the ER can be exported from the 
cell without ever crossing a membrane. 

19. Is this statement true or false? "Animal cells have mitochon- 
dria; plant cells have chloroplasts." Explain your answer. 

20. Describe the structure of the plasma membrane of an animal 
cell. What would be found directly inside and outside the 
membrane? 

Applying the Concepts 

21. Cilia are found on cells in almost every organ of the human 
body, and the malfunction of cilia is involved in several 
human disorders. During embryological development, for 
example, cilia generate a leftward flow of fluid that initiates the 



left-right organization of the body organs. Some individuals 
with primary ciliary dyskinesia exhibit situs inversus, in which 
internal organs such as the heart are on the wrong side of the 
body. Explain why this reversed arrangement may be a symp- 
tom of PCD. 

22. The cells of plant seeds store oils in the form of droplets 
enclosed by membranes. Unlike typical biological 
membranes, this oil droplet membrane consists of a 
single layer of phospholipids rather than a bilayer. Draw a 
model for a membrane around such an oil droplet. Explain 
why this arrangement is more stable than a bilayer of 
phospholipids. 

Answers to all questions can be found in Appendix 1. 
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The Working Cell 



BIG IDEAS 




Membrane Structure 
and Function 

(4.1-4.6) 

The phospholipid and protein 
structure of cell membranes 
enables their many important 
functions. 




Cellular respiration 
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Energy and the Cell 

(4.7) 

A cell's metabolic reactions 
transform energy, producing 
ATP, which drives cellular 
work. 





How Enzymes Function 

(4.8) 

Enzymes speed up a cells 
chemical reactions and provide 
precise control of metabolism. 



48 introduction to Biology 

Membrane Structure and Function 



4.1 Membranes are fluid mosaics of lipids and proteins with many functions 



The plasma membrane is the edge of life, the boundary that 
encloses a living cell. In eukaryotic cells, internal membranes 
partition the cell into specialized compartments. Membranes 
are composed of a bilayer of phospholipids with embedded 
and attached proteins. Biologists describe such a structure as 
a fluid mosaic. 

In the cell, a membrane remains about as "fluid" as salad oil, 
with most of its components able to drift about like partygoers 
moving through a crowded room. Double bonds in the unsatu- 
rated fatty acid tails of some phospholipids produce kinks that 
prevent phospholipids from packing too tightly (see Module 2.7). 
In animal cell membranes, the steroid cholesterol helps stabi- 
lize the membrane at warm temperatures but also helps keep 
the membrane fluid at lower temperatures. 

A membrane is a "mosaic" in having diverse protein mol- 
ecules embedded in its fluid framework. The word mosaic can 
also refer to the variedlunctions of these proteins. Different types 
of cells have different membrane proteins, and the various mem- 
branes within a cell each contain a unique collection of proteins. 

Figure 4.1, which diagrams the plasma membranes of two 
adjacent cells, illustrates six major functions performed by 
membrane proteins, represented by the purple oval structures. 
Some proteins help maintain cell shape and coordinate changes 
inside and outside the cell through their attachment to the 
cytoskeleton and extracellular matrix (ECM). Other proteins 



function as receptors for chemical messengers (signaling 
molecules) from other cells. The binding of a signaling 
molecule triggers a change in the protein, which relays the 
message into the cell, activating molecules that perform 
specific functions. This message-transfer process is called signal 
transduction. 

Some membrane proteins are enzymes, which may be 
grouped in a membrane to carry out sequential steps of a 
metabolic pathway. Membrane glycoproteins may be involved 
in cell-cell recognition. Their attached carbohydrates function 
as identification tags that are recognized by membrane pro- 
teins of other cells. This recognition allows cells in an embryo 
to sort into tissues and enables cells of the immune system to 
recognize and reject foreign cells, such as infectious bacteria. 
Membrane proteins also participate in the intercellular junc- 
tions that attach adjacent cells. 

A final critical function is in transport of substances across 
the membrane. Membranes exhibit selective permeability; 
that is, they allow some substances to cross more easily than 
others. Many essential ions and molecules, such as glucose, 
require transport proteins to enter or leave the cell. 

O Review the six different types of functions that proteins in a 
plasma membrane can perform. 
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A Figure 4.1 Some functions of membrane proteins 
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4.2 Passive transport is diffusion across a membrane with no energy investment 



Molecules vibrate and move randomly as a result of a type of 
energy called thermal motion (heat). One result of this motion 
is diffusion, the tendency for particles of any land to spread 
out evenly in an available space. How might diffusion affect the 
movement of substances into or out of a cell? 

The figures to the right will help you to visualize diffusion 
across a membrane. Figure 4.2A shows a solution of green dye 
separated from pure water by a membrane. Assume that this 
membrane has microscopic pores through which dye molecules 
can move. Thus, we say it is permeable to the dye. Although 
each molecule moves randomly, there will be a net movement 
from the side of the membrane where dye molecules are more 
concentrated to the side where they are less concentrated. Put 
another way, the dye diffuses down its concentration gradient. 
Eventually, the solutions on both sides will have equal concen- 
trations of dye. At this dynamic equilibrium, molecules still 
move back and forth, but there is no net change in concentra- 
tion on either side of the membrane. 

Figure 4.2B illustrates the important point that two or more 
substances diffuse independently of each other; that is, each 
diffuses down its own concentration gradient. 

Because a cell does not have to do work when molecules 
diffuse across its membrane, such movement across a mem- 
brane is called passive transport. Much of the traffic across 
cell membranes occurs by diffusion. For example, diffusion 
down concentration gradients is the sole means by which oxy- 
gen (0 2 ), essential for metabolism, enters your cells and car- 
bon dioxide (C0 2 ), a metabolic waste, passes out of them. 

Both 2 and C0 2 are small, nonpolar molecules that 
diffuse easily across the phospholipid bilayer of a membrane. 
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A Figure 4.2A Passive transport of one type of molecule 
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A Figure 4.2B Passive transport of two types of molecules 

But can ions and polar molecules also diffuse across the 
hydrophobic interior of a membrane? They can if they are 
moving down their concentration gradients and if they 
have transport proteins to help them cross. 

O Why is diffusion across a membrane called passive transport? 
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4.3 Osmosis is the diffusion of water across a membrane 



One of the most important substances that crosses membranes 
by passive transport is water. Lets explore a physical model 
of the diffusiohof water across a selectively permeable mem- ■ 
brane, a proeess-called Osmosis.-Reroemberthat a selectively' •• 
permeable membrane allows some substances to cross more 
easily than others. 

The top of Figure 4.3 shows what happens if a membrane 
permeable to water but not to a solute (such as glucose) 
separates two solutions with different concentrations of 
solute. (A solute is a substance that dissolves in a liquid 
solvent, producing a solution.) The solution on the right 
side initially has a higher concentration of solute than 
that on the left. As you can see, water crosses the 
membrane until the solute concentrations are equal 
on both sides. 

In the close-up view at the bottom of Figure 4.3, you 
can see what happens at the molecular level. Polar water 
molecules cluster around hydrophilic (water-loving) solute 
molecules. The effect is that on the right side, there are fewer 
water molecules available to cross the membrane. The less 
concentrated solution on the left, with fewer solute molecules, 



Lower Higher 
concentration concentration 
of solute of solute 



Equal ' 
concentrations 
of solute 



Solute 
molecule - 



Selectively 
permeable 
membrane 




-Water 
molecule 

- Solute molecule 
with cluster of 
water molecules 



A Figure 4.3 Osmosis, the diffusion of water across a membrane 



50 Introduction to Biology 



has more water molecules free to move. There is a net move- 
ment of water down its own concentration gradient, from the 
solution with more free water molecules (and lower solute 
concentration) to that with fewer free water molecules 
(and higher solute concentration). The result of this water 
movement is the difference in water levels you see at the top 
right of Figure 4.3. 



Let's now apply to living cells what we have learned about 
osmosis in artificial systems. 

O Indicate the direction of net water movement between two so- 
lutions— a 0.5% sucrose solution and a 2% sucrose solution — 
separated by a membrane not permeable to sucrose. 

•(uopBjjuaauoa ajnps JaqSiq) uonrqos 
aso.ons %z aq) oj (uohb.iju3.iuo3 3jnjos .i3MO[) uoijn|os 3so.i3ns %£-q air) uio.y 



4.4 Transport proteins can facilitate diffusion across membranes 



Recall that nonpolar, hydrophobic molecules can dissolve in 
the lipid bilayer of a membrane and cross it with ease. Polar 
or charged substances, meanwhile, can move across a mem- 
brane with the help of specific transport proteins in a process 
called facilitated diffusion. Without the transport protein, 
the substance cannot cross the membrane or it diffuses across 
it too slowly to be useful to the cell. Facilitated diffusion is a 
type of passive transport because it does not require energy. 
As in all passive transport, the driving force is the concentra- 
tion gradient. 

Figure 4.4 shows a common type of transport protein, 
which provides a hydrophilic channel that some molecules or 
ions use as a tunnel through the membrane. Another type of 
transport protein binds its passenger, changes shape, and re- 
leases its passenger on the other side. In both cases, the trans- 
port protein is specific for the substance it helps move across 
the membrane. The greater the number of transport proteins 
for a particular solute in a membrane, the faster the solutes rate 
of diffusion across the membrane. 

Substances that use facilitated diffusion for crossing cell 
membranes include a number of sugars, amino acids, ions— 
and even water. The water molecule is very small, but because 
it is polar, its diffusion through a membranes hydrophobic 
interior is relatively slow. The very rapid diffusion of water 




< Figure 4.4 

Transport protein 
providing a channel 
for the diffusion of 
a specific solute 
across a membrane 



in 



into and out of certain cells, such as plant cells, kidney 
cells, and red blood cells, is made possible by a protein 
channel called an aquaporin. A single aquaporin allows 
the entry or exit of up to 3 billion water molecules per 
second— a tremendous increase in water transport over 
simple diffusion. 

? How do transport proteins contribute to a membrane's 
selective permeability? 

•samps snouBA oj .(jqiqBauuad s ( 3imjquiaiu v. pajjE surajojd jjodsucii jo 
S P"PI P UK s.iaqumu aqj 'jiodsiiBJi Aaqj ssjnjos 3q) joj 3ijpads 3jb A3iu 3snu3ag 



4.5 Cells expend energy in the active transport of a solute 



In active transport, a cell must expend energy to move a solute 
against its concentration gradient— that is, across a membrane 
toward the side where the solute is more concentrated. The 
energy molecule ATP supplies the energy for most active 
transport. 

Figure 4.5 shows a simple model 
of an active transport system that 
pumps a solute out of the cell against 
its concentration gradient. @ The 
process begins when solute molecules 
on the cytoplasmic side of the plasma 
membrane attach to specific binding 
sites on the transport protein. Q A'I'P 
then transfers a phosphate group to 
the transport protein, @ causing the 
protein to change shape in such a 
way that the solute is released on 



the other side of the membrane. © The phosphate group 
detaches, and the transport protein returns to its original 
shape. 




<>0 

Solute 
S Solute binding 



. ATP 
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H Transport 
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HI Protein reversion 



A Figure 4.5 Active transport of a solute across a membrane 



The Working Cell 51 



Active transport allows a cell to maintain internal 
concentrations of small molecules and ions that are different 
from concentrations in its surroundings. For example, the 
inside of an animal cell has a higher concentration of 
potassium ions (K + ) and a lower concentration of sodium 
ions (Na + ) than the solution outside the cell. The generation of 
nerve signals depends on these concentration differences, 



which a transport protein called the sodium-potassium pump 
helps maintain by shuttling Na + and K + against their concentra- 
tion gradients. 

^ Cells actively transport Ca 2+ out of the cell. Is calcium more 
concentrated inside or outside of the cell? Explain. 

•jiiaipiijS uoijbj)U3duo3 s|i jsuibSe iuniD|BD smoui nodsuiuj 3a;pv :ap!S)iio 



4.6 Exocytosis and endocytosis transport large molecules across membranes 



Phagocytosis 

• Extracellular 
fluid 



Pinocytosis 



So far, we've focused on how water and small solutes enter and 
leave cells. The story is different for large molecules. 

A cell uses the process of exocytosis (from the Greek exo, 
outside, and kytos, cell) to export bulky materials such as pro- 
teins or polysaccharides. As you saw in Figure 3.10, a transport 
vesicle filled with macromolecules buds 
from the Golgi apparatus and moves to the 
plasma membrane. Once there, the vesicle 
fuses with the plasma membrane, and the 
vesicle's contents spill out of the cell when 
the vesicle membrane becomes part of the 
plasma membrane. When we weep, for 
instance, cells in our tear glands use exocy- 
tosis to export a salty solution containing 
proteins. In another example, certain cells 
in the pancreas manufacture the hormone 
insulin and secrete it into the bloodstream 
by exocytosis. 

Endocytosis (endo, inside) is a 
transport process that is the opposite of 
exocytosis. In endocytosis, a cell takes 
in large molecules. A depression in the 
plasma membrane pinches in and forms 
a vesicle enclosing material that had been 
outside the cell. 

Figure 4.6 shows three kinds of 
endocytosis. The top diagram illustrates 
phagocytosis, or "cellular eating," A cell 
engulfs-a particle by wrapping extensions' •• 
called pseudopodia around it and packag- 
ing it within a membrane-enclosed sac 
large enough to be called a vacuole. As 
described in Module 3.8, the vacuole then 
fuses with a lysosome, whose hydrolytic 
enzymes digest the contents of the vacuole. 
The micrograph on the top right shows 
an amoeba taking in a food particle via 
phagocytosis. 

The center diagram shows pinocytosis, 
or "cellular drinking." The cell "gulps" 
droplets of fluid into tiny vesicles. Pinocy- 
tosis is not specific; it takes in any and all 
solutes dissolved in the droplets. The mi- 
crograph in the middle shows pinocytosis 
vesicles forming (arrows) in a cell lining a 
small blood vessel. 



1 As a cell grows, its plasma membrane expands. Does this 
involve endocytosis or exocytosis? Explain. 

suciqiusui Eiuscrd aqj o) sppc auEjqiusm apissA puE paseapj 3.ie surajuoD 
sj; 'autuquisiu EiusErd qjiAi sasnj apissA jiodsuej] « usq,v\ '.sisoiX^oxg 



Cytoplasm 



Pseudopodium 




Food 
vacuole 



J a o 



















'a r 




a 








• o 











— Plasma 
membrane 




Vesicle 



Coat protein 




Coated 
vesicle 



q Specific o 
molecule 




Food 
being 
ingested 




A Figure 4.6 Three kinds of endocytosis 
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nergy and the Cell 



4.7 Cells transform energy as they perform work 



The title of this chapter is "The Working Cell." But just what 
type of work does a cell do? You just learned that a cell actively 
transports substances across membranes. The cell also builds 
those membranes and the proteins embedded in them. A cell is 
a miniature chemical factory in which thousands of reactions 
occur within a microscopic space. Some of these reactions re- 
lease energy; others require energy. To understand how the cell 
works, you must have a basic knowledge of energy. 

■i < . We can define energy as the capacity to 
cause change or to perform work. There are two basic forms of 
energy: kinetic energy and potential energy. Kinetic energy is 
the energy of motion. Moving objects can perform work by 
transferring motion to other matter. For example, the movement 
of your legs can push bicycle pedals, turning the wheels and 
moving you and your bike up a hill. Heat, or thermal energy, is a 
type of kinetic energy associated with the random movement of 
atoms or molecules. Light, also a type of kinetic energy, can be 
harnessed to power photosynthesis. 

Potential energy, the second main form of energy, is energy 
that matter possesses as a result of its location or structure. Water 
behind a dam and you on your bicycle at the top 
of a hill possess potential energy. Molecules 
possess potential energy because of the 
arrangement of electrons in the bonds 
between their atoms. Chemical energy 
is the potential energy available for re- 
lease in a chemical reaction. Chemical 
energy is the most important type of 
energy for living organisms; it is the 
energy that can be transformed to 
power the work of the cell. 



Knergy 

Transformations .Thermodynamics is 

.the study of energy transformations.that. . 
occur in a collection of matter. Scientists 
use the word system for the matter under 
study and refer to the rest of the uni- 
verse— everything outside the system— 
as the surroundings. A system can be an 
electric power plant, a single cell, or the 
entire planet. An organism is an open 
system; that is, it exchanges both energy 
and matter with its surroundings. 

The first law of thermodynamics, 
also known as the law of energy con- 
servation, states that the energy in the 
universe is constant. Energy can be 
transferred and transformed, but it 
cannot be created or destroyed. A 
power plant does not create energy; 
it merely converts it from one form 



(such as the energy stored in coal) to the more convenient 
form of electricity. A plant cell converts light energy to 
chemical energy; it, too, is an energy transformer, not 
an energy producer. 

If energy cannot be destroyed, then why can't organisms 
simply recycle their energy? It turns out that during every 
transfer or transformation, some energy becomes unusable- 
unavailable to do work. Tn most energy transformations, some 
energy is converted to heat, a disordered form of energy. Scien- 
tists use a quantity called entropy as a measure of disorder, or 
randomness. The more randomly arranged a collection of mat- 
ter is, the greater its entropy. According to the second law of 
thermodynamics, energy conversions increase the entropy 
(disorder) of the universe. 

Figure 4.7 compares a car and a cell to show how energy 
can be transformed and how entropy increases as a result. 
Automobile engines and living cells use the same basic process 
to make the chemical energy of their fuel available for work. 
The engine mixes oxygen with gasoline in an explosive chemi- 
cal reaction that pushes the pistons, which eventually move 
the wheels. The waste products emitted from the exhaust pipe 




A Figure 4.7 Energy transformations (with an increase in entropy) in a car and a cell 
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are mostly carbon dioxide and water, energy-poor, simple 
molecules. Only about 25% of the chemical energy stored 
in gasoline is converted to the kinetic energy of the car's 
movement; the rest is lost as heat. 

Cells also use oxygen in reactions that release energy from 
fuel molecules. In the process called cellular respiration, the 
chemical energy stored in organic molecules is converted to a 
form that the cell can use to perform work. Just like for the car, 
the waste products are mostly carbon dioxide and water. Cells 
are more efficient than car engines, however, converting about 
34% of the chemical energy in their fuel to energy for cellular 
work. The other 66% generates heat, which explains why vigor- 
ous exercise makes you so warm. 

According to the second law of thermodynamics, energy 
transformations result in the universe becoming more 



disordered. How, then, can we account for biological order? A 
cell creates intricate structures from less organized materials. 
Although this increase in order corresponds to a decrease in 
entropy it is accomplished at the expense of ordered forms 
of matter and energy taken in from the surroundings. As shown 
in Figure 4.7, cells extract the chemical energy of glucose and 
return disordered heat and lower-energy carbon dioxide and 
water to the surroundings. In a thermodynamic sense, a cell is 
an island of low entropy in an increasingly random universe. 

? How does the second law of thermodynamics explain the 
diffusion of a solute across a membrane? 
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How Enzymes Function 

4.8 Enzymes speed up the cell's chemical reactions by lowering energy barriers 



Your room gets messier; water flows downhill; sugar crystals 
dissolve in your coffee. Ordered structures tend toward disor- 
der, and high-energy systems tend to change toward a more 
stable state of low energy. Proteins, DNA, carbohydrates, 
lipids— most of the complex molecules of your cells are rich in 
potential energy. Why don't these high-energy, ordered mol- 
ecules spontaneously break down into less ordered, lower- 
energy molecules? They remain intact for the same reason 
that wood doesn't normally burst into flames or the gas in an 
automobiles gas tank doesn't spontaneously explode. 

There is an energy barrier that must be overcome before 
a chemical reaction can begin. Energy must be absorbed 
to contort or weaken bonds in reactant molecules so that 
they can break and new bonds can form. We call this the 
activation energy (abbreviated E A for energy of activation)-. 
. We can think of E A as.the amount of energy needed for reac- • 
tant molecules to move "uphill" to a higher-energy, unstable 
state so that the "downhill" part of a reaction can begin. 

The energy barrier of E A protects the highly ordered 
molecules of your cells from spontaneously breaking down. 
But now we have a dilemma. Life depends on countless 
chemical reactions that constantly change a cell's molecular 
makeup. Most of the essential reactions of metabolism 
must occur quickly and precisely for a cell to survive. How 
can the specific reactions that a cell requires get over that 
energy barrier? 

One way to speed reactions is to add heat. Heat speeds up 
molecules and agitates atoms so that bonds break more easily 
and reactions can proceed. Certainly, adding a match to kin- 
dling will start a fire, and the firing of a spark plug ignites 
gasoline in an engine. But heating a cell would speed up all 
chemical reactions, not just the necessary ones, and too much 
heat would kill the cell. 



The answer to our dilemma lies in enzymes— molecules that 
function as biological catalysts, increasing the rate of a reaction 
without being consumed by the reaction. Almost all enzymes 
are proteins, although some RNA molecules can also function 
as enzymes. An enzyme speeds up a reaction by lowering the E A 
needed for a reaction to begin. Figure 4.8 compares a reaction 
without (left) and with (right) an enzyme. Notice how much 
easier it is for the reactant to get over the activation energy 
barrier when an enzyme is involved. 

1 The graph below illustrates the course of a reaction with and 
without an enzyme. Which curve represents the enzyme- 
catalyzed reaction? What energy changes are represented by 
the lines labeled a, b, and c? 




- ''- "■■ •' - -'Products, 



Progress of the reaction 
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A Figure 4.8 The effect of an enzyme in lowering E A 
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Reviewing the Concepts 



Membrane Structure and Function (4.1-4.6) 

4.1 Membranes are fluid mosaics of lipids and proteins with 
many functions. The proteins embedded in a membrane's phos- 
pholipid bilayer perform various functions. 

4.2 Passive transport is diffusion across a membrane with no 
energy investment. Solutes diffuse across membranes down their 
concentration gradients. 

4.3 Osmosis is the diffusion of water across a membrane. 

4.4 Transport proteins can facilitate diffusion across membranes. 

4.5 Cells expend energy in the active transport of a solute. 



Diffusion Facilitated 
- ' diffusion 



H'gher solute concentration 



Osmosis 



Higher free water 



Higher jojute ■ 
■' concentration ' 




}ATP \ o 



Lower solute concentration 



Lower free water 
concentration 



Lower solute 
concentration 



4.6 Exocytosis and endocytosis transport large molecules across 
membranes. A vesicle may fuse with the membrane and expel its 
contents (exocytosis), or the membrane may fold inward, enclos- 
ing material from the outside (endocytosis). 



Energy and the Cell (4.7) 

4.7 Cells transform energy as they perform work. Kinetic energy 
is the energy of motion. Potential energy is energy stored in the lo- 
cation or structure of matter. Chemical energy is potential energy 
available for release in a chemical reaction. According to the laws 
of thermodynamics, energy can change form but cannot be cre- 
ated or destroyed, and energy transformations increase disorder, 
or entropy, with some energy being lost as heat. 

How Enzymes Function (4.8) 

4.8 Enzymes speed up the cell's chemical reactions by lowering 
energy barriers. Enzymes are protein catalysts that decrease the 
activation energy (E A ) needed to begin a reaction. 

Connecting the Concepts 

1. Fill in the following concept map to review the processes by 
which molecules move across membranes. 
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2. Label the parts of the following diagram illustrating the 
catalytic cycle of an enzyme. 




Testing Your Knowledge 

Multiple Choice 

3. Which best describes the structure of a cell membrane? 

a. proteins between two bilayers of phospholipids 

b. proteins embedded in a bilayer of phospholipids 

c. a bilayer of protein coating a layer of phospholipids 

d. phospholipids between two layers of protein 

e. cholesterol embedded in a bilayer of phospholipids 

4. Consider the following: chemical bonds in the gasoline in a 
car's gas tank and the movement of the car along the road; a 
biker at the top of a hill and the ride he took to get there. The 

first parts of these situations illustrate , and the second 

parts illustrate . 

a. the first law of thermodynamics ... the second law 

b. kinetic energy... potential energy 

c. an exergonic reaction ... an endergonic reaction 

d. potential energy . . . kinetic energy 

e. the second law of thermodynamics ... the first law 

5. The sodium concentration in a cell is 10 times less than the 
concentration in the surrounding fluid. How can the cell move 
sodium out of the cell? (Explain) 

a. passive transport d. osmosis 

b. diffusion ' " ' " ' e. any of these processes 

c. active transport 

6. The synthesis of ATP 'from ADP and' p ' 

•■'a. •is : 'an"exe'rg6nfc'prbcess.' ■ ■ •'■ • •• •.. 

b. involves the hydrolysis of a phosphate bond. 

c. transfers a phosphate, priming a protein to do work. 

d. stores energy in a form that can drive cellular work. 

e. releases energy. 

7. Facilitated diffusion across a membrane requires and 

moves a solute its concentration gradient. 

a. transport proteins ... up (against) 

b. transport proteins ... down 

c. energy... up 

d. energy and transport proteins ... up 

e. energy and transport proteins . . . down 

Describing, Comparing, and Explaining 

8. What are aquaporins? Where would you expect to find 
them? 

9. What are the main types of cellular work? How does ATP 
provide the energy for this work? 



10. Why is the barrier of the activation energy beneficial for 
organic molecules? Explain how enzymes lower E A . 

11. How do the components and structure of cell membranes 
relate to the functions of membranes? 

12. Sometimes inhibitors can be harmful to a cell; often they are 
beneficial. Explain. 

Applying the Concepts 

13. Explain how each of the following food preservation methods 
would interfere with a microbes enzyme activity and ability to 
break down food: canning (heating), freezing, pickling (soak- 
ing in acetic acid), salting. 

14. A biologist performed two series of experiments on lactase, the 
enzyme that hydrolyzes lactose to glucose and galactose. First, 
she made up 10% lactose solutions containing different con- 
centrations of enzyme and measured the rate at which galac- 
tose was produced (grams of galactose per minute). Results of 
these experiments are shown in Table A below. In the second 
series of experiments (Table B), she prepared 2% enzyme solu- 
tions containing different concentrations of lactose and again 
measured the rate of galactose production. 



Table A: Rate and Enzyme Concentration 



Lactose concentration 


10% 


10% 


10% 


10% 


10% 


Enzyme concentration 


0% 


1% 


2% 


4% 


8% 


Reaction rate 





25 


50 


100 


200 


Table B: Rate and Substrate Concentration 


Lactose concentration 


0% 


5% 


10% 


20% 


30% 


Enzyme concentration 


2% 


2% 


2% 


2% 


2% 


Reaction rate 





25 


50 


65 


65 



a. Graph and explain the relationship between the reaction 
rate and the enzyme concentration. 

b. Graph and explain the relationship between the reaction 
rate and the substrate concentration. How and why did the 
results of the two experiments differ? 

.■vJ5. .The following graph shows the rate of reaction for two different 
enzymes: One is pepsin, a digestive enzyme found in the stom- 
ach; the other is trypsin, a digestive enzyme found in the intes- 
tine. As you may know, gastric juice in the stomach contains 
hydrochloric acid. Which curve belongs to which enzyme? 




A lysosome, a digestive organelle in a cell, has an internal pH of 
around 4.5. Draw a curve on the graph that you would predict 
for a lysosomal enzyme, labeling its optimal pH. 

Answers to all questions can be found in Appendix 1. 
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ATP 

Cellular Respiration: 
Aerobic Harvesting 
of Energy 

(5.1-5.4) 

Cellular respiration oxidizes 
fuel molecules and generates 
ATP for cellular work. 




Stages of Cellular 
Respiration 

(5.5-5.6) 

The main stages of cellular 
respiration are glycolysis, the 
citric acid cycle, and oxidative 
phosphorylation. 




Fermentation: Anaerobic 
Harvesting of Energy 

(5.7) 

Fermentation regenerates 
NAD + , allowing glycolysis and 
ATP production to continue 
without oxygen. 




Connections Between 
Metabolic Pathways 

(5.8-5.9) 

The breakdown pathways of 
cellular respiration intersect 
with biosynthetic pathways. 
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Cellular Respiration: Aerobic Harvesting of Lnergy 

5.1 Photosynthesis and cellular respiration provide energy for life 



Life requires energy. In almost all ecosystems, that energy 
ultimately comes from the sun. Photosynthesis, the process by 
which the sun's energy is captured, is the topic of Chapter 6. But 
a brief overview here of the relationship between photosynthesis 
and cellular respiration will illustrate how these two processes 
provide energy for life (Figure 5.1). In photosynthesis, which 
takes place in a plant cells chloroplasts, the energy of sunlight 
is used to rearrange the atoms of carbon dioxide (C0 2 ) and 
water (H 2 0) to produce glucose and oxygen (0 2 ). The lemur in 
Figure 5.1 obtains energy for leaping from tree to tree by eating 
plants. In cellular respiration, 2 is consumed as glucose is 
broken down to C0 2 and H 2 G; the cell captures the energy 
released in ATP. Cellular respiration takes place in the 
mitochondria of almost all eukaryotic cells. 

This figure also shows that in these energy conversions, 
some energy is lost as heat. Life on Earth is solar powered, 
and energy makes a one-way trip through an ecosystem. 
Chemicals, however, are recycled. The C0 2 and H 2 released 
by cellular respiration are converted through photosynthesis 
to glucose and 2 , which are then used in respiration. 

1 What is misleading about the following statement? "Plant 
cells perform photosynthesis, and animal cells perform cellu- 
lar respiration." 
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Sunlight energy 





Heat energy 



A Figure 5.1 The connection between photosynthesis and cellular 
respiration 



5.2 Breathing supplies 2 for use in cellular respiration and removes C0 2 



We often use the word respiration as a synonym for "breathing," 
the meaning of its Latin root. In that sense of the word, respira- . 
tion refers to an exchange of gases: An organism obtains 2 
from its environment and releases C0 2 as a. waste product. . 
BipJ.ogists also, define -respiration as the aerobic,(oxygen T 
requiring) harvesting of energy from food molecules by cells. 
This process is called cellular respiration to distinguish it from 
breathing. 

Breathing and cellular respiration are closely related. As the 
runner in Figure 5.2 breathes in air, the lungs take up 2 and 
pass it to the bloodstream. The bloodstream carries the 2 to 
muscle cells. Mitochondria in the muscle cells use the 2 in 
cellular respiration to harvest energy from glucose and other 
organic molecules and generate ATP. Muscle cells use ATP to 
contract. The runners bloodstream and lungs also perform the 
vital function of disposing of the C0 2 waste, which, as you can 
see by the equation at the bottom of the figure, is produced in 
cellular respiration. 

i i How is your breathing related to your cellular respiration? 
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A Figure 5.2 The connection between breathing and cellular respiration 
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5.3 Cellular respiration banks energy in ATP molecules 




A Figure 5.3 



As the runner example in Figure 5.2 implies, 
oxygen usage is only a means to an end. 
Generating ATP for cellular work is the 
fundamental function of cellular respiration. 

The balanced chemical equation in 
Figure 5.3 summarizes cellular respiration as 
carried out by cells that use O, in harvesting 
energy from glucose. The simple sugar glu- 
cose (C 6 H 12 6 ) is the fuel that cells use most often, although 
other organic molecules can also be "burned" in cellular 
respiration. The equation tells us that the atoms of the reactant 
molecules C 6 H 12 6 and 2 are rearranged to form the products 
C0 2 and H 2 0. In this exergonic process, the chemical energy 
of the bonds in glucose is released and stored (or "banked") 
in the chemical bonds of ATP (see Modules 4.8-4.9). The 
series of arrows in Figure 5.3 indicates that cellular respiration 
consists of many steps, not just a single reaction. 

Cellular respiration can produce up to 32 ATP molecules for 
each glucose molecule, a capture of about 34% of the energy 
originally stored in glucose. The rest of the energy is released 
as heat (see Module 4.8). This may seem inefficient, but it 



^0 2 > 
Oxygen 



, (CO,) 

Carbon 
dioxide 



6 (Hp- 



Water 



ATP 



Heat 



Summary equation for cellular respiration: 
— > 6 C0 2 + 6 H 2 + Energy (ATP + Heat) 



compares very well with the efficiency of most energy- 
conversion systems. For instance, the average automobile 
engine is able to convert only about 25% of the energy in 
gasoline to the kinetic energy of movement. 

How great are the energy needs of a cell? If ATP could not 
be regenerated through cellular respiration, you would use up 
nearly your body weight in ATP each day. Let's consider the 
energy requirements for various human activities next. 

*) Why are sweating and other body-cooling mechanisms neces- 
sary during vigorous exercise? 
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CONNECTION 



5.4 The human body uses energy from ATP for all its activities 



Your body requires a continuous supply of energy just to stay 
alive— to keep the heart pumping, to breathe, and to maintain 
body temperature. Your brain requires a huge amount of 
energy; its cells burn about 120 grams (g)— a quarter of a 
pound!— of glucose a day, accounting for about 15% of total 
oxygen consumption. Maintaining brain cells and other 
life-sustaining activities uses as much as 75% of the energy 
a person takes in as food during a typical day. 

Above and beyond the energy you need for body 
maintenance, cellular respiration provides energy for ■ / 
voluntary activities. Figure 5.4 shows the amount of energy 
it takes to perform some of these activities. The energy units 
are kilocalories (kcal), the quantity of heat required to raise 
the temperature of 1 kilogram (kg) of water by 1°C. (The 
"Calories" listed on food packages are actually kilocalories, 
usually signified by a capital C.) The values shown do 
not include the energy the body consumes for its basic 
life-sustaining activities. Even sleeping or lying quietly 
requires energy for metabolism. 

The U.S. National Academy of Sciences estimates that the 
average adult human needs to take in food that provides 
about 2,200 kcal of energy per day. This includes the energy 
expended in both maintenance and voluntary activity. We 
will explore nutritional needs (and the maintenance of a 
healthy weight) in Chapter 1 1. But now we begin the study 
of how cells liberate the energy stored in fuel molecules to 
produce the ATP used to power the work of cells and thus 
the activities of the body. 



Activity 

Running (8-9 mph) 
Dancing (fast) 
Bicycling (10 mph) 
Swimming (2 mph) 
Walking (4 mph) 
Walking (3 mph) 
Dancing (sloW) : - 
Driving a car 
Sitting (writing) 



'Not including kcal needed for 
body maintenance 



kcal consumed per hour 
by a 67.5-kg (1 50-lb) person* 




A Figure 5.4 Energy consumed by various activities 



? Walking at 3 mph, how far would you have to travel to "burn 
off" the equivalent of an extra slice of pizza, which has about 
475 kcal? How long would that take? 
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Stages of Cellular Respiration 
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5.5 Overview: Cellular respiration occurs in three main stages 



Cellular respiration consists of a sequence of steps that can be 
divided into three main stages. Figure 5.5 gives an overview of 
the three stages and shows where they occur in a eukaryotic 
cell. (In prokaryotic cells that use aerobic respiration, these steps 
occur in the cytoplasm, and the electron transport chain is built 
into the plasma membrane.) 

Stage 1: Glycolysis (shown with an aqua background 
throughout this chapter) occurs in the cytoplasmic fluid of 
the cell. Glycolysis begins cellular respiration by breaking 
glucose into two molecules of a three-carbon compound 
called pyruvate. 

Stage 2: Pyruvate oxidation and the citric acid cycle (shown in 
a salmon color) take place within the mitochondria. Pyruvate 
is oxidized to a two-carbon compound. The citric acid cycle 
then completes the breakdown of glucose to carbon dioxide. 
As suggested by the smaller ATP symbols in the diagram, the 
cell makes a small amount of ATP during glycolysis and the 
citric acid cycle. The main function of these first two stages, 
however, is to supply the third stage of respiration with 
electrons (shown with gold arrows). 

Stage 3: Oxidative phosphorylation (purple background) 
requires an electron transport chain and a process known 
as chemiosmosis. NADH and a related electron can' 
FADH 2 (flavin adenine dinucleotide), shuttle electrc 
to an electron transport chain embedded in the 



inner mitochondrial membrane. Most of the ATP produced by 
cellular respiration is generated by oxidative phosphorylation, 
which uses the energy released by the downhill fall of electrons 
from NADH and FADH 2 to 2 to phosphorylate ADP. 

What couples the electron transport chain to ATP synthesis? 
As the electron transport chain passes electrons down the 
energy staircase, it also pumps hydrogen ions (H + ) across the 
inner mitochondrial membrane into the narrow intermem- 
brane space (see Figure 3.10). The result is a concentration 
gradient of H + across the membrane. In chemiosmosis, the 
potential energy of this concentration gradient is used to make 
ATP. In 1978, British biochemist Peter Mitchell was awarded 
the Nobel Prize for developing the theory of chemiosmosis. 

The small amount of ATP produced in glycolysis and the 
citric acid cycle is made by substrate-level phosphorylation, 
a process we discuss next. 

*} Of the three main stages of cellular respiration represented in 
Figure 5.5, which one uses oxygen to extract chemical energy 
from organic compounds? 
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5.6 Review: Each molecule of glucose yields many molecules of ATP 



Let's review what the cell accomplishes by oxidizing a molecule 
of glucose. Figure 5.6 shows where each stage of cellular 
respiration occurs in a eukaryotic cell and how much ATP it 
produces. Starting on the left, glycolysis, which occurs in the 
cytoplasmic fluid, and the citric acid cycle, which occurs in 
the mitochondrial matrix, contribute a net total of 4 ATP 
per glucose molecule by substrate-level phosphorylation. 
The cell harvests much more energy than this via the carrier 
molecules NADH and FADH 2 , which are produced in 
glycolysis and the citric acid cycle. The energy of the electrons 
they carry is used to make (according to current estimates) 
about 28 molecules of ATP by oxidative phosphorylation. 
Thus, the total yield of ATP molecules per glucose is 
about 32. 

The number of ATP molecules produced cannot be 
stated exactly for several reasons. As shown in the figure, 
the NADH produced in glycolysis passes its electrons 
across the mitochondrial membrane to either NAD + 
or FAD, depending on the type of shuttle system used. 
Because FADH2 adds its electrons later in the electron 



transport chain, it contributes less to the H + gradient and 
thus generates less ATP. In addition, some of the energy 
of the H + gradient may be used for work other than ATP 
production, such as the active transport of pyruvate into 
the mitochondrion. 

More important than the actual number of ATP 
molecules is the point that a cell can harvest a great deal of 
energy from glucose— up to about 34% of the molecule's 
potential energy. Because most of the ATP generated by 
cellular respiration results from oxidative phosphorylation, 
the ATP yield depends on an adequate supply of oxygen to 
the cell. Without oxygen to function as the final electron 
acceptor, electron transport and ATP production stop. 
But as we see next, some cells can oxidize organic fuel 
and generate ATP without oxygen. 

O What would a cell's net ATP yield per glucose be in the pres- 
ence of the poison DNP? 
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Figure 5.6 An estimated tally of the ATP produced by substrate-level and oxidative phosphorylation in cellular respiration 
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ermentation: Anaerobic Harvesting of Energy 

5.7 Fermentation enables cells to produce ATP without oxygen 



Fermentation is a way of harvesting chemical energy that 
does not require oxygen. The metabolic pathway that 
generates ATP during fermentation is glycolysis, the same 
pathway that functions in the first stage of cellular respira- 
tion. Remember that glycolysis uses no oxygen; it simply 
generates a net gain of 2 ATP while oxidizing glucose to 
two molecules of pyruvate and reducing NAD + to NADH. 
The yield of 2 ATP is certainly a lot less than the possible 32 
ATP per glucose generated during aerobic respiration, but it 
is enough to keep your muscles contracting for a short period 
of time when oxygen is scarce. And many microorganisms 
supply all their energy needs with the 2 ATP per glucose 
yield of glycolysis. 

There is more to fermentation, however, than just glycolysis. 
To oxidize glucose in glycolysis, NAD + must be present as an 
electron acceptor. This is no problem under aerobic conditions, 
because the cell regenerates its pool of NAD + when NADH 
passes its electrons into the mitochondrion, to be transported 
to the electron transport chain. Fermentation provides an 
anaerobic path for recycling NADH back to NAD + . 

One common type of 
fermentation is called lactic acid fermentation. Your 
muscle cells and certain bacteria can regenerate NAD + by 
this process, as illustrated in Figure 5.7. You can see that 
NADH is oxidized to NAD + as pyruvate is reduced to lactate 
(the ionized form of lactic acid). Muscle cells can switch to 
lactic acid fermentation when the need for ATP outpaces the 
delivery of 2 via the bloodstream. The lactate that builds 
up in muscle cells during strenuous exercise was previously 
thought to cause muscle fatigue and pain, but research 
now indicates that other factors are to blame. In any case, 
the lactate is carried in the blood to the liver,.where it is 
converted back to pyruvate and oxidized in the mitochondria 
of liyer.cells. 

. .. ..The dairy ; industry uses lactic acid fermentation by. ,• 
bacteria to make cheese and yogurt. Other types of microbial 
fermentation turn soybeans into soy sauce and cabbage into 
sauerkraut. 



> A glucose-fed yeast cell is moved from an aerobic environ- 
ment to an anaerobic one. For the cell to continue generating 
ATP at the same rate, how would its rate of glucose consump- 
tion need to change? 
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A Figure 5.7 Lactic acid fermentation: NAD + is regenerated as 
pyruvate is reduced to lactate. 
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Connections Between Metabolic Pathways 



5.8 Cells use many kinds of organic molecules as fuel for cellular respiration 



Throughout this chapter, we have spoken of glucose as the 
fuel for cellular respiration. But free glucose molecules are 
not common in your diet. You obtain most of your calories 
as carbohydrates (such as sucrose and other disaccharide 
sugars and starch, a polysaccharide), fats, and proteins. 
You consume all three of these classes of organic molecules 
when you eat a handful of peanuts, for instance. 

Figure 5.8 illustrates how a cell can use these three types of 
molecules to make ATP. A wide range of carbohydrates can be 
funneled into glycolysis, as indicated by the arrows on the far 
left of the diagram. For example, enzymes in your digestive 
tract hydrolyze starch to glucose, which is then broken down 
by glycolysis and the citric acid cycle. Similarly, glycogen, the 
polysaccharide stored in your liver and muscle cells, can be 
hydrolyzed to glucose to serve as fuel between meals. 

Fats make excellent cellular fuel because they contain 
many hydrogen atoms and thus many energy-rich electrons. 
As the diagram shows (tan arrows), a cell first hydrolyzes fats 
to glycerol and fatty acids. It then converts the glycerol to 
glyceraldehyde 3-phosphate (G3P), one of the intermediates 
in glycolysis. The fatty acids are broken into two-carbon 
fragments that enter the citric acid cycle as acetyl CoA. 



A gram of fat yields more than twice as much ATP as a gram 
of carbohydrate. Because so many calories are stockpiled in 
each gram of fat, you must expend a large amount of energy 
to burn fat stored in your body. This helps explain why it is 
so difficult for a dieter to lose excess fat. 

Proteins (purple arrows in Figure 5.8) can also be used 
for fuel, although your body 

preferentially burns sugars and fats first. To be oxidized as 
fuel, proteins must first be digested to their constituent 
amino acids. Typically, a cell will use most of these amino 
acids to make its own proteins. Enzymes can convert excess 
amino acids to intermediates of glycolysis or the citric acid 
cycle, and their energy 

is then harvested by cellular respiration. During the con- 
version, the amino groups are stripped off and later dis- 
posed of in urine. 

O Animals store mo.st of their energy reserves as fats, not as 
polysaccharides. What is the advantage of this mode of stor- 
age for an animal? 
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5.9 Food molecules provide raw materials for biosynthesis 



Not all food molecules are destined to be oxidized as fuel for 
making ATP. Food also provides the raw materials your cells 
use for biosynthesis— the production of organic molecules 
using energy-requiring metabolic pathways. A cell must be 
able to make its own molecules to build its structures and 
perform its functions. Some raw materials, such as amino 
acids, can be incorporated directly into your macromolecules. 
However, your cells also need to make molecules that are not 
present in your food. Indeed, glycolysis and the citric acid 
cycle function as metabolic interchanges that enable your 
cells to convert some kinds of molecules to others as you 
need them. 

Figure 5.9 outlines the pathways by which your cells can 
make three classes of organic molecules using some of the 
intermediate molecules of glycolysis and the citric acid cycle. 
By comparing Figures 5.8 and 5.9, you can see clear connec- 
tions between the energy- harvesting processes of cellular 
respiration and the biosynthetic pathways used to construct 
the organic molecules of the cell. 

Basic principles of supply and demand regulate these path- 
ways. If there is an excess of a certain amino acid, for exam- 
ple, the pathway that synthesizes it is switched off. The most 
common mechanism for this control is feedback inhibition: 



The end product inhibits an enzyme that catalyzes an early 
step in the pathway. Feedback inhibition also controls cellular 
respiration. If ATP accumulates in a cell, it inhibits an early 
enzyme in glycolysis, slowing down respiration and conserv- 
ing resources. On the other hand, the same enzyme is acti- 
vated by a buildup of ADP in the cell, signaling the need for 
more energy. 

The cells of all living organisms— including those of the 
lemurs shown in Figure 5.9 and the plants they eat— have 
the ability to harvest energy from the breakdown of organic 
molecules. When the process is cellular respiration, the atoms 
of the starting materials end up in carbon dioxide and water. 
In contrast, the ability to make organic molecules from 
carbon dioxide and water is not universal. Animal cells 
lack this ability, but plant cells can actually produce organic 
molecules from inorganic ones using the energy of sunlight. 
This process, photosynthesis, is the subject of Chapter 6. 

? Explain how someone can gain weight and store fat even 
when on a low-fat diet. (Hint: Look for G3P and acetyl CoA 
in Figures 5.8 and 5.9.) 
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CHAPTER 




REVIEW 




Reviewing the Concepts 

Cellular Respiration: Aerobic Harvesting 
of Energy (5.1-5.4) 

5.1 Photosynthesis and cellular respiration provide energy for 
life. Photosynthesis uses solar energy to produce glucose and 2 
from C0 2 and H 2 0. In cellular respiration, 2 is consumed 
during the breakdown of glucose to C0 2 and H 2 0, and energy 
is released. 

5.2 Breathing supplies 2 for use in cellular respiration and 
removes C0 2 . 

5.3 Cellular respiration banks energy in ATP molecules. The 

summary equation for cellular respiration is C 6 H 12 6 + 6 2 
»► 6 C0 2 + 6 H 2 + Energy (ATP + Heat). 

5.4 The human body uses energy from ATP for all its activities. 

Stages of Cellular Respiration (5.5-5.6) 

5.5 Overview: Cellular respiration occurs in three main stages. 
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• 5.6 Review: Each molecule of glucose yields many molecules 
.-of ATP. Substrate-level phosphorylation aiuLpxidatiye • 

phosphorylation produce up to 32 ATP molecules for every 

glucose molecule oxidized in cellular respiration. 

Fermentation: Anaerobic Harvesting of Energy (5.7) 

5.7 Fermentation enables cells to produce ATP without oxygen. 

Under anaerobic conditions, muscle cells, yeasts, and certain 
bacteria produce ATP by glycolysis. NAD + is recycled from 
NADH as pyruvate is reduced to lactate (lactic acid fermentation). 

Connections Between Metabolic Pathways (5.8-5,9) 

5.8 Cells use many kinds of organic molecules as fuel for cellular 
respiration. Carbohydrates, fats, and proteins can all fuel cellular 
respiration. 

5.9 Food molecules provide raw materials for biosynthesis. 

Cells use intermediates from cellular respiration and ATP for 
biosynthesis of other organic molecules. Metabolic pathways are 
often regulated by feedback inhibition. 



Connecting the Concepts 

1. Fill in the blanks in this summary map to help you review the 
key concepts of cellular respiration. 




Testing Your Knowledge 

Multiple Choice 

2. What is the role of oxygen in cellular respiration? 

a. It is reduced in glycolysis as glucose is oxidized. 

b. It provides electrons to the electron transport chain. 

c. It combines with the carbon removed during the citric acid 
cycle to form C0 2 . 

d. It is required for the production of heat and light. 

e. It accepts electrons from the electron transport chain. 

3. When the poison cyanide blocks the electron transport chain, 
glycolysis and the citric acid cycle soon grind to a halt as well. 
Why do you think they stop? 

a. They both run out of ATP. 

b. Unused 2 interferes with cellular respiration. 

c. They run out of NAD + and FAD. 

d. Electrons are no longer available. 

e. They run out of ADP. 

4. A biochemist wanted to study how various substances were 
used in cellular respiration. In one experiment, he allowed a 
mouse to breathe air containing 2 "labeled" by a particular 
isotope. In the mouse, the labeled oxygen first showed 

up in 

a. ATP. 

b. glucose (C 6 H 12 6 ). 

c. NADH. 

d. C0 2 . 

e. H 2 0. 



5. In glycolysis, is oxidized and is reduced. 



a. 


NAD + . 


. glucose 


b. 


glucose 


. . oxygen 


c. 


ATP. . 


ADP 


d. 


glucose 


. . NAD + 


e. 


ADP. . 


. ATP 



6. Which of the following is the most immediate source of energy 
for making most of the ATP in your cells? 

a. the reduction of oxygen 

b. the transfer of P from intermediate substrates to ADP 

c. the movement of H + across a membrane down its 
concentration gradient 

d. the splitting of glucose into two molecules of pyruvate 

e. electrons moving through the electron transport chain 

7. In which of the following is the first molecule becoming 
reduced to the second molecule? 

a. pyruvate acetyl CoA 

b. pyruvate *- lactate 

c. glucose pyruvate 

d. NADH + H + >► NAD + + 2 H 

e. C 6 H, 2 6 ^6C0 2 

8. Which of the following is a true distinction between cellular 
respiration and fermentation? 

a. NADH is oxidized by the electron transport chainln 
respiration only. 

b. Only respiration oxidizes glucose. 

c. Fermentation is an example of an endergonic reaction; 
cellular respiration is an exergonic reaction. 

d. Substrate-level phosphorylation is unique to fermentation; 
cellular respiration uses oxidative phosphorylation. 

e. Fermentation is the metabolic pathway found in 
prokaryotes; cellular respiration is unique to eukaryotes. 

Describing, Comparing, and Explaining 

9. Which of the three stages of cellular respiration is considered 
the most ancient? Explain your answer. 

10. Explain in terms of cellular respiration why you need oxygen 
and why you exhale carbon dioxide. 

1 1. Compare and contrast fermentation as it occurs in your muscle 
cells and as it occurs in yeast cells. ' • ' 
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12. Explain how your body can convert excess carbohydrates in the 
diet to fats. Can excess carbohydrates be converted to protein? 
What else must be supplied? 

Applying the Concepts 

13. An average adult human requires 2,200 kcal of energy per day. 
Suppose your diet provides an average of 2,300 kcal per day. 
How many hours per week would you have to walk to burn off 
the extra calories? Swim? Run? (See Figure 5.4.) 

14. Your body makes NAD + and FAD from two B vitamins, niacin 
and riboflavin. The Recommended Dietary Allowance for 
niacin is 20 mg and for riboflavin, 1.7 mg. These amounts are 
thousands of times less than the amount of glucose your body 
needs each day to fuel its energy needs. Why is the daily 
requirement for these vitamins so small? 

15. In a detail of the citric acid cycle, an enzyme converts 
succinate to a compound called fumarate, with the release 
of H + . You are studying this reaction using a suspension 
of bean cell mitochondria and a blue dye that loses its 
color as it takes up H + . You know that the higher the 
concentration of succinate, the more rapid the decolorization 
of the dye. You set up reaction mixtures with mitochondria, 
dye, and three different concentrations of succinate 

(0.1 mg/L, 0.2 mg/L, and 0.3 mg/L). Which of the 
following graphs represents the results you would 
expect, and why? 




a. Time >- b. Time *■ c. Time 



16. ATP synthase enzymes are found in the prokaryotic plasma 
membrane and in the inner membrane of a mitochondrion. 
What does this suggest about the developmental relationship of 
this eukaryotic organelle to prokaryotes? 

Answers to all questions can be found in Appendix i. 
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An Overview of 
Photosynthesis 

(6.1-6.4) 

Plants and other 
photoautotrophs use the 
energy of sunlight to convert 
C0 2 and H 2 to sugar and 2 . 



Photosynthesis Reviewed 
and Extended 

(6.S-6.6) 

Photosynthesis provides the 
energy and building material for 
ecosystems. It also affects global 

climate and the ozone layer. 
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Aii Overview of Photosynthesis 



6.1 Autotrophs are the producers of the biosphere 



Plants are autotrophs (meaning "self-feeders" in Greek) in 
that they make their own food and thus sustain themselves 
without consuming organic molecules derived from any 
other organisms. Plant cells capture light energy that has 
traveled 150 million kilometers from the sun and convert 
it to chemical energy. Because they use the energy of light, 
plants are specifically called photoautotrophs. Through the 
process of photosynthesis, plants convert C0 2 and H 2 to 
their own organic molecules and release 2 as a by-product. 
Photoautotrophs are the ultimate source of organic molecules 
for almost all other organisms. They are often referred to as 
the producers of the biosphere because they produce its food 
supply. Producers feed the consumers of the biosphere— the 
heterotrophs that consume other plants or animals or 
decompose organic material (hetero means "other"). 

The photographs on this page illustrate some of the 
diversity among photoautotrophs. On land, plants, such as 
those in the forest scene in Figure 6.1A, are the predominant 
producers. In aquatic environments, there are several types of 
photoautotrophs. Figure 6.1B is a micrograph of unicellular 
photosynthetic protists. Figure 6.1C shows kelp, a large alga 
that forms extensive underwater "forests" off the coast of 
California. Figure 6.1D is a micrograph of cyanobacteria, 



abundant and important producers in freshwater and 
marine ecosystems. 

In this chapter, we focus on photosynthesis in plants, 
which takes place in chloroplasts. The remarkable ability 
to harness light energy and use it to drive the synthesis of 
organic compounds emerges from the structural organization 
of these organelles: Photosynthetic pigments, enzymes, and 
other molecules are grouped together in membranes, allowing 
the sequences of reactions to be carried out efficiently. The 
process of photosynthesis most likely originated in a group of 
bacteria that had infolded regions of the plasma membrane 
containing such clusters of enzymes and other molecules. In 
fact, according to the widely accepted theory of endosymbiosis, 
chloroplasts originated from a photosynthetic prokaryote that 
took up residence inside a eukaryotic cell. 

Let's begin our study of photosynthesis with an overview 
of the location and structure of plant chloroplasts. 



1 What do "self-feeding" photoautotrophs require from the 
environment in order to make their own food? 
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Leaf Cross Section 



Mesophyll 



6.2 Photosynthesis occurs in chloroplasts in plant cells 

All green parts of a plant have chloroplasts in their cells and 
can carry out photosynthesis. In most plants, however, the 
leaves have the most chloroplasts (about half a million in a 
square millimeter surface area of a leaf) and are the major 
sites of photosynthesis. Their green color comes 
from chlorophyll, a light-absorbing pigment in the 
chloroplasts that plays a central role in converting 
solar energy to chemical energy. 

Figure 6.2 zooms in on a leaf to show the actual 
sites of photosynthesis. The leaf cross section shows 
a slice through a leaf. Chloroplasts are concentrated 
in the cells of the mesophyll, the green tissue in the 
interior of the leaf. Carbon dioxide enters the leaf, 
and oxygen exits, by way of tiny pores called stomata 
(singular, stoma, meaning "mouth"). Water absorbed 
by the roots is delivered to the leaves in veins. Leaves 
also use veins to export sugar to roots and other parts 
of the plant. 

As you can see in the light micrograph of a single 
mesophyll cell, each cell has numerous chloroplasts. A typical 
mesophyll cell has about 30 to 40 chloroplasts. The bottom 
drawing and electron micrograph show the structures in a 
single chloroplast. Membranes in the chloroplast form the 
framework where many of the reactions of photosynthesis 
occur, just as mitochondrial membranes are the site for 
much of the energy-harvesting machinery we discussed in 
Chapter 5. In the chloroplast, an envelope of two membranes 
encloses an inner compartment, which is filled with a thick 
fluid called stroma. Suspended in the stroma is a system 
of interconnected membranous sacs, called thylakoids, 
which enclose another internal compartment, 
called the thylakoid space. (As you will see 
later, this thylakoid space plays a role 
analogous to the intermembrane 
space of a mitochondrion in the 
generation of ATP.) In many 
places, thylakoids are 
concentrated in stacks called 
grana (singular, granum). 
Built into the thylakoid 
membranes are the 
chlorophyll molecules 
that capture light energy. 
The thylakoid membranes 
also house much of the 
machinery that converts light 
energy to chemical energy, 
which is used in the stroma 
to make sugar. 




Chloroplast 



Inner and outer 
membranes 



*> How do the reactant molecules of photosynthesis reach the 
""**' chloroplasts in leaves? 
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6.3 Photosynthesis is a redox process, as is cellular respiration 



What actually happens when C0 2 and water are converted 
to sugar and 2 ? Photosynthesis is a redox (oxidation- 
reduction) process, just as cellular respiration is. As indicated 
in the summary equation for photosynthesis (Figure 6.3A), 
C0 2 becomes reduced to sugar as electrons, along with 
hydrogen ions (H + ) from water, are added to it. Meanwhile, 
water molecules are oxidized; that is, they lose electrons, 
along with hydrogen ions. Recall that oxidation and 
reduction always go hand in hand. 

Now compare the food-producing equation for 
photosynthesis with the energy-releasing equation 
for cellular respiration that you learned about in Chapter 5 
(Figure 6.3B). Overall, cellular respiration harvests energy 
stored in a glucose molecule by oxidizing the sugar and 
reducing 2 to H 2 0. This process involves a number of 
energy-releasing redox reactions, with electrons losing 
potential energy as they "fall" down an electron transport 
chain to 2 . Along the way, the mitochondrion uses some 
of the energy to synthesize ATP. 

In contrast, the food-producing redox reactions of 
photosynthesis require energy. The potential energy of 
electrons increases as they move from H 2 to C0 2 during 



| Becomes reduced ^ 

6C0 2 + 6H 2 ► C 6 H, 2 6 + 6 2 

Becomes oxidized 

▲ Figure 6.3A Photosynthesis (uses light energy) 

Becomes oxidized 
C 6 H 12 6 + 6 2 ► 6C0 2 + 6H 2 

I Becomes reduced ^ 

▲ Figure 6.3B Cellular respiration (releases chemical energy) 

photosynthesis. The light energy captured by chlorophyll 
molecules in the chloroplast provides this energy boost. 
Photosynthesis converts light energy to chemical energy and 
stores it in the chemical bonds of sugar molecules, which can 
provide energy for later use or raw materials for biosynthesis. 

9 Which redox process, photosynthesis or cellular respiration, 
°" is endergonic? 
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6.4 Overview: The two stages of photosynthesis are linked by ATP and NADPH 



The equation for photosynthesis is a simple 
summary of a very complex process. Actually, 
photosynthesis occurs in two stages, each 
with multiple steps. Figure 6.4 shows the 
inputs and outputs of the two stages and 
how the stages are related. 

The light reactions include the steps 
that convert light energy to chemical 
energy and release 2 :As shown in -the 
figure, the light reactionsoccy r.irt the .• ........ .■• 

thylakoid membranes. Water is split, 
providing a source of electrons and 
giving off 2 as a by-product. Light 
energy absorbed by chlorophyll 
molecules built into the membranes is 
used to drive the transfer of electrons 
and H + from water to the electron 
acceptor NADP + , reducing it to 
NADPH. This electron carrier is first 
cousin to NADH, which transports 
electrons in cellular respiration; the two 
differ only in the extra phosphate group 
in NADPH. NADPH temporarily stores 
electrons and hydrogen ions and provides 
"reducing power" to the Calvin cycle. The 
light reactions also generate ATP from 
ADP and a phosphate group. 



Light 




Chloroplast 



A Figure 6.4 An overview of the two stages of photosynthesis in a chloroplast 
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In summary, the light reactions absorb solar energy and 
convert it to chemical energy stored in both ATP and 
NADPH. Notice that these reactions produce no sugar; 
sugar is not made until the Calvin cycle, which is the second 
stage of photosynthesis. 

The Calvin cycle occurs in the stroma of the chloroplast 
(see Figure 6.4). It is a cyclic series of reactions that assembles 
sugar molecules using C0 2 and the energy-rich products of the 
light reactions. The incorporation of carbon from C0 2 into 
organic compounds, shown in the figure as C0 2 entering 
the Calvin cycle, is called carbon fixation. After carbon 
fixation, enzymes of the cycle make sugars by further reducing 
the carbon compounds. 

As the figure suggests, it is NADPH produced by the light 
reactions that provides the electrons for reducing carbon in 
the Calvin cycle. And ATP from the light reactions provides 
chemical energy that powers several of the steps of the Calvin 



cycle. The Calvin cycle is sometimes referred to as the dark 
reactions, or light-independent reactions, because none of 
the steps requires light directly. However, in most plants, the 
Calvin cycle occurs during daylight, when the light reactions 
power the cycles sugar assembly line by supplying it with 
NADPH and ATP. 

The word photosynthesis encapsulates the two stages. 
Photo, from the Greek word for "light," refers to the light 
reactions; synthesis, meaning "putting together," refers to sugar 
construction by the Calvin cycle. In the next several modules, 
we look at these two stages in more detail. But first, let's 
consider some of the properties of light, the energy source 
that powers photosynthesis. 

1 For chloroplasts to produce sugar from carbon dioxide in the 
dark, they would need to be supplied with and . 
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Photosynthesis Reviewed and Extended 

6.5 Review: Photosynthesis uses light energy, carbon dioxide, and water 
to make organic molecules 



Life on Earth is solar powered. As we have discussed, most of 
the living world depends on the food-making machinery of 
photosynthesis. Figure 6.5 summarizes this vital process. The 
production of sugar from C0 2 is an emergent property that 
arises from the structure of a chloroplast— a structural arrange- 
ment that integrates the two stages of photosynthesis. 

Starting on the left in the diagram, you see a summary of 
the light reactions, which occur in the thylakoid membranes. 
Two photosystems in the membranes capture solar energy, en- 
ergizing electrons in chlorophyll molecules. Simultaneously, 
water is split, and 2 is released. The photoexcited electrons are 
• transferred- through- an electron transport chain, where energy 
- is har-vested to'make ATP, and finally fo-NADP" 1 ;, reducing it to 
the high-energy compound NADPH. 

The chloroplasts sugar factory is the Calvin cycle, the sec- 
ond stage of photosynthesis. In the stroma, the enzyme rubisco 
combines C0 2 with RuBP. ATP and NADPH are used to re- 
duce 3-PGA to G3P. Sugar molecules made from G3P serve as 
a plant's own food supply. 

About 50% of the carbohydrate made by photosynthesis is 
consumed as fuel for cellular respiration in the mitochondria 
of plant cells. Sugars also serve as starting material for making 
other organic molecules, such as a plants proteins and lipids. 
Many glucose molecules are linked together to make cellulose, 
the main component of cell walls. Cellulose is the most abundant 
organic molecule in a plant— and probably on the surface of the 
planet. Most plants make much more food each day than they 
need. They store the excess in roots, tubers, seeds, and fruits. 

Plants (and other photosynthesizers) not only feed them- 
selves but also are the ultimate source of food for virtually all 



other organisms. Humans and other animals make none of their 
own food and are totally dependent on the organic matter made 
by photosynthesizers. Even the energy we acquire when we eat 
meat was originally captured by photosynthesis. The energy in a 
hamburger, for instance, came from sunlight that was originally 
converted to a chemical form in the grasses eaten by cattle. 

The collective productivity of the tiny chloroplasts is truly 
amazing: Photosynthesis makes an estimated 160 billion metric 
tons of carbohydrate per year (about 176 billion tons). That's 
equivalent in mass to a stack of about 100 trillion copies of this 
textbook. No other chemical process on Earth can match the 
output of photosynthesis. 

This review of photosynthesis is an appropriate place'to 're-" 
fleet on the metabolic ground we have covered in this chapter 
and the previous one. In Chapter 5, we saw that virtually all 
organisms, plants included, use cellular respiration to obtain 
the energy they need from fuel molecules such as glucose. We 
followed the chemical pathways of glycolysis and the citric 
acid cycle, which oxidize glucose and release energy from it. 
We have now come full circle, seeing how plants trap sunlight 
energy and use it to reduce carbon dioxide to make glucose. 

In tracing glucose synthesis and its breakdown, we have also 
seen that cells use several of the same mechanisms— electron 
transport, redox reactions, and chemiosmosis— in energy stor- 
age (photosynthesis) and energy harvest (cellular respiration). 

1 Explain this statement: No process is more important than 
photosynthesis to the welfare of life on Earth. 
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CONNECTION 



6.6 Photosynthesis may moderate global climate change 



The greenhouse in Figure 6.6A is used to 
grow plants when the weather outside is 
too cold. The glass or plastic walls of a 
greenhouse allow solar radiation to pass 
through. The sunlight heats the soil, 
which in turn warms the air. The walls 
trap the warm air, raising the temperature 
inside. 

An analogous process, called the 
greenhouse effect, operates on a global 
scale (Figure 6.6B). Solar radiation 
reaching Earth's atmosphere includes 
ultraviolet radiation and visible light. 
The ozone layer filters out most of 
the •damaging UV-.radiation. Visible- / 
light passes through and is absorbed 
by the planets surface, warming it. 
Heat radiating from the warmed 
planet is absorbed by gases in the at- 
mosphere, which then reflect some of the heat back to Earth. 
This natural heating effect is highly beneficial. Without it, 
Earth would be much colder, and most life as we know it 
could not exist. 

The gases in the atmosphere that absorb heat radiation are 
called greenhouse gases. Some occur naturally, such as water 
vapor, carbon dioxide, and methane, while others are synthetic, 
such as chlorofluorocarbons. Human activities add to the levels 
of these greenhouse gases. 

Carbon dioxide is one of the most important greenhouse 
gases. You have just learned that C0 2 is a raw material for pho- 
tosynthesis and a waste product of cellular respiration. These 
two processes, taking place in microscopic chloroplasts and 




A Figure 6.6A Plants growing in a greenhouse 



Some heat 
energy escapes 
into space 




A Figure 6.6B C0 2 in the atmosphere and the greenhouse 
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mitochondria, keep carbon cycling between C0 2 and more 
complex organic compounds on a global scale. Photosynthetic 
organisms absorb billions of tons of C0 2 each year. Most of 
that fixed carbon returns to the atmosphere via cellular respira- 
tion, the action of decomposers, and fires. But much of it re- 
mains locked in large tracts of forests and undecomposed 
organisms. And large amounts of carbon are in long-term 
storage in fossil fuels buried deep under Earths surface. 

Since 1850, the start of the Industrial Revolution, the 
atmospheric concentration of C0 2 has increased about 40%, 
mostly due to the combustion of fossil fuels, such as coal, oil, 
and gasoline. Increasing concentrations of greenhouse gases 
have been linked to global climate change, of which the 
major aspect is global warming. The predicted consequences 
of this slow but steady increase in average global temperature 
include melting of polar ice, rising sea levels, extreme weather 
patterns, droughts, increased extinction rates, and the spread 
of tropical diseases. Indeed, many of these effects are already 
being documented. 

Unfortunately, the rise in atmospheric C0 2 levels during the 
last century coincided with widespread deforestation, which 
aggravated the global warming problem by reducing an effec- 
tive C0 2 sink. As forests are cleared for lumber or agriculture, 



CHAPTER 6 RE 



Reviewing the Concepts 

An Overview of Photosynthesis (6.1-6.4) 

6.1 Autotrophs are the producers of the biosphere. Plants, 
algae, and some protists and bacteria are photoautotrophs, the 
producers of food consumed by virtually all heterotrophic 
organisms. 

6.2 Photosynthesis occurs in chloroplasts in plant cells.. 

Chloroplasts are surrounded by.a double membrane and contain 
stacks of thylakoids and'a thick fluid called stroma. "• — - : ••• 

6.3 Photosynthesis is a redox process, as is cellular respiration. 

In photosynthesis, H 2 is oxidized and C0 2 is reduced. 

6.4 Overview: The two stages of photosynthesis are linked by 
ATP and NADPH. The light reactions occur in the thylakoids, 
producing ATP and NADPH for the Calvin cycle, which takes 
place in the stroma. 

Photosynthesis Reviewed and Extended (6.5-6.6) 

6.5 Review; Photosynthesis uses light energy, carbon dioxide, 
and water to make organic molecules. 



and as population growth increases the demand for fossil fuels, 
C0 2 levels will continue to rise. 

Can photosynthesis offset this increase in atmospheric C0 2 ? 
Certainly, slowing the destruction of our forests will sustain 
their photosynthetic and carbon-storing contributions. Taking 
a lesson from plants, we can explore technologies that utilize 
solar energy for some of our energy needs. And as you read 
in the chapter introduction, biofuels hold out the promise of a 
renewable fuel source. As the plants or algae used for biofuels 
grow, their photosynthesis removes C0 2 from the atmosphere. 
The burning of these fuels releases C0 2 to the atmosphere, just 
as fossils fuels do. A key difference, however, is that fossil fuels 
come from the remains of ancient organisms, and their burn- 
ing releases C0 2 that had been removed from the atmosphere 
by photosynthesis over the course of hundreds of millions of 
years. Growing and using alternative fuels could keep the cycle 
of C0 2 removal in photosynthesis balanced with C0 2 release in 
fuel burning. 



9 Explain the greenhouse effect. 
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6.6 Photosynthesis may moderate global climate change. 

Reducing deforestation and fossil fuel use and growing 
biofuel crops, which remove C0 2 from the atmosphere, 
may help moderate the global warming caused by increasing 
C0 2 levels. 
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Connecting the Concepts 

1. The following diagram compares the chemiosmotic synthesis 
of ATP in mitochondria and chloroplasts. Fill in the blanks, 
which label the molecules shared by both processes and the 
regions in the chloroplast. Then, for both organelles, indicate 
which side of the membrane has the higher H + concentration. 
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space 



Membrane 



Chloroplast 



Matrix 




Continue your comparison of chemiosmosis and electron 
transport in mitochondria and chloroplasts. In each case, 

a. where do the electrons come from? 

b. how do the electrons get their high potential energy? 

c. what picks up the electrons at the end of the chain? 

d. how is the energy given up by the electrons used? 

Complete this summary map of photosynthesis. 
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Testing Your Knowledge 

Multiple Choice 

4. In photosynthesis, is oxidized and is reduced. 

a. glucose . . . oxygen 

b. carbon dioxide . . . water 

c. water . . . carbon dioxide 

d. glucose . . . carbon dioxide 

e. water , . . oxygen 

5. Which of the following are produced by reactions that take place 
in the thylakoids and consumed by reactions in the stroma? 

a. C0 2 andH 2 

b. NADP + and ADP 

c. ATP and NADPH 

d. ATP, NADPH, and C0 2 

e. 2 and ATP 

6. When light strikes chlorophyll molecules in the reaction-center 
complex, they lose electrons, which are ultimately replaced by 

a. splitting water. 

b. breaking down ATP. 

c. oxidizing NADPH. 

d. fixing carbon. 

e. oxidizing glucose. 

7. The reactions of the Calvin cycle are not directly dependent 
on light, but they usually do not occur at night. Why? 
(Explain.) 

a. It is often too cold at night for these reactions to take place. 

b. Carbon dioxide concentrations decrease at night. 

c. The Calvin cycle depends on products of the light reactions. 

d. Plants usually close their stomata at night. 

e. Most plants do not make four-carbon compounds, which 
they would need for the Calvin cycle at night. 

8. How many "turns" of the Calvin cycle are required to produce 
one molecule of glucose? (Assume one C0 2 is fixed in each 
turn of the cycle.) 

a. 1 

b. 2 

c. 3 

d. 6 

e. 12 

9. Which of the following does not occur during the Calvin cycle? 
a. carbon fixation- 

. b. -flxidation of ^AD.PH . . . ..- . ■ . . 

c. consumption of ATP 

d. regeneration of RuBP, the C0 2 acceptor 

e. release of oxygen 

10. Why is it difficult for most plants to carry out photosynthesis 
in very hot, dry environments such as deserts? 

a. The light is too intense and destroys the pigment molecules. 

b. The closing of stomata keeps C0 2 from entering and 2 
from leaving the plant. 

c. They must rely on photorespiration to make ATP. 

d. Global warming is intensified in a desert environment. 

e. C0 2 builds up in the leaves, blocking carbon fixation. 

11. How is photosynthesis similar in C 4 plants and CAM plants? 

a. In both cases, the light reactions and the Calvin cycle are 
separated in both time and location. 

b. Both types of plants make sugar without the Calvin cycle. 

c. In both cases, rubisco is not used to fix carbon initially. 

d. Both types of plants make most of their sugar in the dark. 

e. In both cases, thylakoids are not involved in photosynthesis. 
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Describing, Comparing, and Explaining 

12. What are the major inputs and outputs of the two stages 
of photosynthesis? 

13. Explain why a poison that inhibits an enzyme of the Calvin 
cycle will also inhibit the light reactions. 

14. What do plants do with the sugar they produce in 
photosynthesis? 

Applying the Concepts 

15. Most experts agree that global warming is already occurring and 
will increase rapidly in this century. Many countries have made 

a commitment to reduce C0 2 emissions. Recent international 
negotiations, however, including a 2009 meeting in Copenhagen, 
Denmark, have yet to reach a consensus on a global strategy to 
reduce greenhouse gas emissions. Some countries have resisted 



taking action because a few scientists and policymakers think 
that the warming trend may be just a random fluctuation in 
temperature and/or not related to human activities or that 
cutting C0 2 emissions would sacrifice economic growth. Do 
you think we need more evidence before taking action? Or is 
it better to act now to reduce C0 2 emissions? What are the 
possible costs and benefits of each of these two strategies? 

16. The use of biofuels (see chapter introduction) avoids many of 
the problems associated with gathering, refining, transporting, 
and burning fossil fuels. Yet biofuels are not without their own 
set of problems. What challenges do you think would arise from 
a large-scale conversion to biofuels? How do these challenges 
compare with those encountered with fossil fuels? Do you 
think any other types of energy sources have more benefits and 
fewer costs than the others? Which ones, and why? 

Answers to all questions can be found in Appendix 1. 
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The Cellular Bas 
of Reproduction 
and Inheritance 



BIG IDEAS 




Cell Division and 
Reproduction 

(7.1-7.2) 



Cell division underlies many of 
life's important processes. 




The Eukaryotic Cell Cycle 
and Mitosis 

(7.3) 

Cells produce genetic 
duplicates through an 
ordered, tightly controlled 
series of steps. 




Meiosis and Crossing Over 

(7.4-7.6) 

The process of meiosis 
produces genetically 
varied haploid gametes from 
diploid cells. 
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Division and Reproduction 



7.1 Cell division plays many important roles in the lives of organisms 



The ability of organisms to reproduce their own kind is the one 
characteristic that best distinguishes living things from nonliv- 
ing matter (see Module 1.1 to review the characteristics of life). 
Only amoebas produce more amoebas, only people make more 
people, and only maple trees produce more maple trees. These 
simple facts of life have been recognized for thousands of years 
and are summarized by the age-old saying, "Like begets like." 

However, the biological concept of reproduction includes 
more than just the birth of new organisms: Reproduction ac- 
tually occurs much more often at the cellular level. When a cell 
undergoes reproduction, or cell division, the two "daughter" 
cells that result are genetically identical to each other and to the 
original "parent" cell. (Biologists traditionally use the word 
daughter in this context; it does not imply gender.) Before the 
parent cell splits into two, it duplicates its chromosomes, the 
structures that contain most of the cells DNA. Then, during 
the division process, one set of chromosomes is distributed to 
each daughter cell. As a rule, the daughter cells receive identi- 
cal sets of chromosomes from the lone, original parent cell. 
Each offspring cell will thus be genetically identical to the other 
and to the original parent cell. 

Sometimes, cell division results in the reproduction of a 

whole organism. Many single-celled organ- 
isms, such as prokaryotes or the eu- 
karyotic yeast cell in Figure 7.1A, 
reproduce by dividing in half, and 
the offspring are genetic replicas. 
This is an example of asexual 
reproduction, the creation of 
genetically identical 
offspring by a sin- 
gle parent, 
without the 
participation 
of sperm and 
• -. egg. Many . , ■ 
multicellular 
organisms can 




A Figure 7.1A 

' ; A yeast cell producing 
.'-a-. genetically identical 

daughter cell by asexual 

reproduction 





A Figure 7.1B A sea star 
reproducing asexually 



reproduce asexually a: 
well. For example, 
some sea star 
species have the 
ability to grow 
new individuals 
from fragmented 
pieces (Figure 
7.1B). And if you've 
ever grown a house 
plant from a clipping, 
you've observed asexual 
reproduction in plants 

(Figure 7.1C). In asexual reproduction, there is one simple 
principle of inheritance: The lone parent and each of its 
offspring have identical genes. 

Sexual reproduction is different; it requires fertilization 
of an egg by a sperm. The production of gametes— egg and 
sperm — involves a special type of cell division that occurs only 
in reproductive organs (such as testes and ovaries in humans). 
As you'll learn later in the chapter, a gamete has only half as 
many chromosomes as the parent cell 
that gave rise to it, and these 
chromosomes contain unique 
combinations of genes 
Therefore, in sexually 
reproducing species, 
like does not pre- 
cisely beget like 
(Figure 7.1D). Offspring 
produced by sexual repro- 
duction generally resemble 
their parents more closely t 
they resemble unrelated 
individuals of the same species, • 
;..but they are noUdentical tojheir. \ 
parents or to each other. Each 
offspring inherits a unique 




A Figure 7.1C An African 
'violet reproducing asexually 
from a cutting (the large leaf 
on the left) 



V Figure 7.1D Sexual repro- 
duction produces offspring with 
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:ombination of genes from 
^ its two parents, and this 
one-and-only set of 
genes programs a 
unique combination of 
traits. As a result, sex- 
ual reproduction can 
produce great variation 
among offspring. 
In multicellular organ- 
isms, cell division plays other 
important roles, in addition to 
the production of gametes. 
Cell division enables sexually 
reproducing organisms to develop from a single cell— the 
fertilized egg, or zygote— into an adult organism (Figure 7.1E). 
All of the trillions of cells in your body arose via repeated cell 
divisions that began in your mothers body with a single 
fertilized egg cell. After an organism is fully grown, cell divi- 
sion continues to function in renewal and repair, replacing cells 
that die from normal wear and tear or accidents. Within your 
body, millions of cells must divide every second to replace 
damaged or lost cells (Figure 7.1F). 



A Figure 7.1E Dividing cells 
in an early human embryo 



The type of cell divisi 
responsible for asexual 
reproduction and for th 
growth and mainte- 
nance of multicellular 
organisms involves a 
process called mito- 
sis. The production 
of egg and sperm 
cells involves a spe- 
cial type of cell divi- 
sion called meiosis. 
In the remainder of 
this chapter, you will 
learn the details of both 
types of cell division. To 
start, we'll look briefly at 
prokaryotic cell division in the 
next module. 




A Figure 7.1F A human 
kidney cell dividing 



1 What function does cell division play in an amoeba? What 
functions does it play in your body? 
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7.2 Prokaryotes reproduce by binary fission 



Prokaryotes (bacteria and archaea) reproduce by a type of cell 
division called binary fission ("dividing in half"). In typical 
prokaryotes, the majority of genes are carried on a single circu- 
lar DNA molecule that, with associated proteins, constitutes 
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/a Division into \ 
_two daughter cells \ 

A Figure 7.2A Binary fission of a prokaryotic cell 



the organisms chromosome. Although prokaryotic chromo- 
somes are much smaller than those of eukaryotes, duplicating 
them in an orderly fashion and distributing the copies equally 
to two daughter bacteria is still a formidable task. Consider, for 
example, that when stretched out, the chromosome of the bac- 
terium Escherichia coli (E. coli) is about 500 times longer than 
the cell itself. Accurately replicating this molecule when it is 
coiled and packed inside the cell is no smaE achievement. 

Figure 7.2A illustrates binary fission in a prokaryote. @ As 
the chromosome is duplicating, the copies move toward the 
opposite ends of the cell. @ Meanwhile, the cell elongates. 
• When chromosome duplication is complete and the cell ■ 
•. has reached abput twice its initiaisfee, the- plasma :membrane - - 
grows inward and more cell wall is made, dividing the parent 
cell into two daughter cells. Figure 7.2B is an electron micro- 
graph of a dividing bacterium (this cell is at a stage similar to 
the third illustration in Figure 7.2A). 

? Why is binary fission classified as asexual reproduction? 
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Prokaryotic chromosomes 



A Figure 7.2B An electron micrograph of a dividing bacterium 
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The Eukaryotic Cell Cycle and Mitosis 



7.3 The large, complex chromosomes of eukaryotes 
duplicate with each cell division 



Chromosomes 



DNA molecules 



Eukaryotic cells, in general, are more complex and much 
larger than prokaryotic cells, and they have many more 
genes. Human cells, for example, carry around 21,000 
genes, versus about 3,000 for a typical bacterium. Almost 
all the genes in the cells of humans, and in all other eu- 
karyotes, are found in the cell nucleus, grouped into multi- 
ple chromosomes. (The exceptions include genes on the 
small DNA molecules of mitochondria and, in plants, 
chloroplasts.) 

Most of the time, chromosomes exist as a diffuse mass of 
long, thin fibers that, if stretched out, would be far too long 
to fit in a cell's nucleus. In fact, the total length of DNA in just 
one of your cells would exceed your total height! DNA in this 
loose state is called chromatin, fibers composed of roughly 
equal amounts of DNA and protein molecules. Chromatin is 
too thin to be seen using a light microscope. 

As a cell prepares to divide, its chromatin coils up, 
forming tight, distinct chromosomes that are visible 
under a light microscope. Why is it necessary for a cells 
chromosomes to be compacted in this way? Imagine a sit- 
uation from your own life: Your belongings are spread out 
over a considerable area of your home, but as you prepare 
to move to a new home, you need to gather them all up 
and pack them into small containers. Similarly, before a 
cell can undergo division, it must compact all its DNA 
into manageable packages. Figure 7.3A is a micrograph of 
a plant cell that is about to divide; each thick purple thread is 
a tightly packed individual chromosome. 

Like a prokaryotic chromosome, each eukaryotic chromo- 
some contains one long DNA molecule bearing hundreds or 
thousands of genes and, attached to the DNA, a number of 
protein molecules. However, the eukaryotic chromosome has a 
. much more complex structure than the prokaryotic chromo- 
. some. The eukaryotic chromosome includes many more pro- 
tein molecules, which help maintain the chromosome's 
structure and control the activity of its genes. The number of 
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► Figure 7.3A 

A plant cell (from an 
African blood lily) 
just before cell 
division 




A Figure 7.3B Chromosome duplication and distribution 

chromosomes in a eukaryotic cell depends on the species. For 
example, human body cells generally have 46 chromosomes, 
while the body cells of a dog have 78. 

The chromosomes of a eukaryotic cell are duplicated be- 
fore they condense and the cell divides. The DNA molecule 
of each chromosome is replicated (as you'll learn in Chapter 
9), and new protein molecules attach as needed. Each chro- 
mosome now consists of two copies called sister chromatids, 
whicifcontain identical copies of the DNA molecule (Figure 
7.3B). The two sister chromatids are joined together especially 
tightly at a narrow "waist" called the centromere (visible near 
the center of each chromosome shown in the figure). 

When the cell divides, the sister chromatids of a duplicated 
chromosome separate from each other. Once separated from 
its sister, each chromatid is called a chromosome, and it is 
identical to the chromosome the cell started with. One of the 
new chromosomes goes to one daughter cell, and the other 
goes to the other daughter cell. In this way, each daughter cell 
receives a complete and identical set of chromosomes. In 
humans, for example, a typical dividing cell has 46 duplicated 
chromosomes (or 92 chromatids), and each of the two daugh- 
ter cells that results from it has 46 single chromosomes. 

*f When does a chromosome consist of two identical chromatids? 
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eiosis and Crossing Over 



7.4 Cell division is a continuum of dynamic changes 



Figure 7.4 illustrates the cell cycle for an animal cell using micro- 
graphs, drawings (simplified to include just four chromosomes), 
and text. The micrographs show cells from a newt, with chromo- 
somes in blue and the mitotic spindle in green. Interphase is 



included, but the emphasis is on the dramatic changes that occur 
during cell division, the mitotic phase. Mitosis is a continuum, 
but biologists distinguish five main stages: prophase, 
prometaphase, metaphase, anaphase, and telophase. 
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Interphase Interphase is the period of cell 
growth, when the cell synthesizes new 
molecules and organelles. At the point 
shown here, during late interphase (G 2 ), the 
cell has doubled much of its earlier contents 
and the cytoplasm contains two centro- 
somes. Each centrosome has a pair of 
centrioles, can-shaped structures made of 
microtubules. Within the nucleus, the 
chromosomes are duplicated, but they 
cannot be distinguished individually because 
they are still in the form of loosely packed 
chromatin. 



Prophase During prophase, changes occur 
in both the nucleus and the cytoplasm. 
Within the nucleus, the chromatin fibers 
become more tightly coiled and folded, 
forming discrete chromosomes that can be 
seen with the light microscope. Each 
duplicated chromosome appears as two 
identical sister chromatids joined together, 
with a narrow "waist" at the centromere. In 
the cytoplasm, the mitotic spindle begins to 
form as microtubules rapidly grow out from 
the centrosomes, which begin to move 
away from each other.- 



Spindle 
microtubules 



Prometaphase The nuclear envelope breaks 
into fragments and disappears. Microtubules 
emerging from the centrosomes at the poles 
(ends) of the mitotic spindle reach the chromo- 
somes, now highly condensed. At the centro- 
mere region, each sister chromatid has a protein 
structure called a kinetochore (shown as a black 
dot). Some of the spindle microtubules attach 
to the kinetochores, throwing the chromo- 
somes into agitated motion. Other spindle 
microtubules make contact with microtubules 
coming from the opposite pole. Forces exerted 
by protein "motors" associated with spindle 
microtubules move the chromosomes toward the 
center of the cell. 



A Figure 7.4 The stages of cell division by mitosis 
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The chromosomes are the stars of the mitotic drama. Their 
movements depend on the mitotic spindle, a football-shaped 
structure of microtubules that guides the separation of the two 
sets of daughter chromosomes. The spindle microtubules 
emerge from two centrosomes, clouds of cytoplasmic material 
that in animal cells contain pairs of centrioles (see Chapter 3 
for more information on centrioles). Centrosomes are also 



blown as mkrotubuk-organizing centers, a term describing 
their function. 

? You view an animal cell through a microscope and observe 
dense, duplicated chromosomes scattered throughout the cell. 
Which state of mitosis are you looking at? 
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Metaphase At metaphase, the mitotic 
spindle is fully formed, with its poles at 
opposite ends of the cell. The chromosomes 
convene on the metaphase plate, an 
imaginary plane equidistant between the 
two poles of the spindle. The centromeres 
of all the chromosomes are lined up on the 
metaphase plate. For each chromosome, 
the kinetochores of the two sister chroma- 
tids face opposite poles of the spindle. The 
microtubules attached to a particular 
chromatid all come from one pole of the 
spindle, and those attached to its sister 
chromatid come from the opposite pole. 




Daughter ^y/SZ — 
chromosomes 

Anaphase Anaphase begins when the two 
centromeres of each chromosome come 
apart, separating the sister chromatids. 
Once separate, each sister chromatid is 
considered a full-fledged (daughter) 
chromosome. Motor proteins of the 
kinetochores, powered by ATP, "walk" the 
daughter chromosomes centromere-first 
along the microtubules toward opposite 
poles of the cell. As this happens, the spindle 
microtubules attached to the kinetochores 
shorten. However, the spindle microtubules 
not attached to chromosomes lengthen. The 
poles are moved farther apart, elongating the 
cell. Anaphase is over when the chromo- 
somes have reached the two poles of the cell. 
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Telophase The cell elongation that started in 
anaphase continues. Daughter nuclei appear 
at the two poles of the cell as nuclear 
envelopes form around the chromosomes. In 
terms of chromosome and spindle structure, 
telophase is roughly the reverse of prophase. 
By the end of telophase, the chromatin fiber 
of each chromosome uncoils, and the mitotic 
spindle disappears. Mitosis, the equal division 
of one nucleus into two genetically identical 
daughter nuclei, is now finished. 

Cytokinesis Cytokinesis, the division of the 
cytoplasm, usually occurs along with telo- 
phase, with two daughter cells completely 
separating soon after the end of mitosis. In 
animal cells, a cleavage furrow forms and the 
cell pinches into two. 
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7,5 Meiosis reduces the chromosome number from diploid to haploid 



Meiosis is a type of cell division that produces haploid ga- 
metes in diploid organisms. Two haploid gametes may then 
combine via fertilization to restore the diploid state in the 
zygote. Were it not for meiosis, each generation would have 
twice as much genetic material as the generation before! 

Many of the stages of meiosis closely resemble correspon- 
ding stages in mitosis. Meiosis, like mitosis, is preceded by 
the duplication of chromosomes. However, this single dupli- 
cation is followed by two consecutive cell divisions, called 
meiosis I and meiosis II. Because one duplication of the 



chromosomes is followed by two divisions, each of the four 
daughter cells resulting from meiosis has a haploid set of 
chromosomes— half as many chromosomes as the parent 
cell. The drawings in Figure 7.5 show the two meiotic 
divisions for an animal cell with a diploid number of 6. 
The members of a pair of homologous chromosomes in 
Figure 7.5 (and later figures) are colored red and blue to help 
distinguish them. (Imagine that the red chromosomes were 
inherited from the mother and the blue chromosomes from 
the father.) One of the most important events in meiosis 
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Interphase 

Like mitosis, meiosis is preceded 
by an interphase, during which 
the chromosomes duplicate. At 
the end of interphase, each 
chromosome consists of two 
genetically identical sister 
chromatidsattached together. . 
The cell's centrosome has also 
duplicated by the end of this 
interphase. • 



Prophase I 

Early in this phase, the chroma- 
tin coils up, so that individual 
chromosomes become visible 
with the microscope. In a 
process called synapsis, 
homologous chromosomes, 
each composed of two sister 
chromatids, come together as 
pairs. The resulting structure, 
consisting of four chromatids, is 
called a tetrad. 
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During synapsis, chromatids of 
homologous chromosomes 
exchange segments in a process 
called crossing over. Because the 
versions of some genes on a' 
chromosome differ from those 
.on itshomolog, crossing over • 
rearranges genetic information. 
' the" genetic shuffling produced 
by crossing over can make an 
important contribution to the 
genetic variability resulting from 
sexual reproduction. 

As prophase I continues, the 
chromosomes condense further. 
The centrosomes move away 
from each other, and a spindle 
forms between them. The nuclear 
envelope breaks into fragments, 
and the chromosome tetrads, 
captured by spindle microtu- 
bules, are moved toward the 
center of the cell. 




Centromere 
(with a 
kinetochore) 



Metaphase 
plate 



Metaphase I 

At metaphase I, the chromo- 
some tetrads are aligned on 
the metaphase plate, midway 
between the two poles of the 
spindle. Each chromosome is 
condensed and thick, with its 
sister chromatids still attached . 
at their centromeres.. Spindle 
microtubules aVeattachedto ""' 
kinetochores at the centro- 
meres. In each tetrad, the 
homologous chromosomes 
are held together at sites of 
crossing over. Notice that, for 
each tetrad, the spindle 
microtubules attached to one 
of the homologous chromo- 
somes come from one pole of 
the cell, and the microtubules 
attached to the other 
homologous chromosome 
come from the opposite pole. 
With this arrangement, the 
homologous chromosomes of 
each tetrad are poised to move 
toward opposite poles of the 
cell. 




Homologous 
chromosomes separate 

Anaphase I 

Like anaphase of mitosis, 
anaphase I of meiosis is 
marked by the migration of 
chromosomes toward the two 
poles of the cell. In contrast to 
mitosis, however, the sister 
chromatids making up.each 
doubled chr.omQsorrie.remain 
attached at their centromeres. 
Only the tetrads (pairs of 
homologous chromosomes) 
split up.Thus, in the drawing 
you see three still-doubled 
chromosomes (the haploid 
number) moving toward each 
spindle pole. If this were 
anaphase of mitosis, you 
would see six daughter 
chromosomes moving toward 
each pole. 



A Figure 7.5 -The stages of meiosis 



The Cellular Basis of Reproduction and Inheritance 83 



occurs during prophase I. At this stage, four chromatids 
(two sets of sister chromatids) are aligned and physically 
touching each other. When in this configuration, nonsister 
chromatids may trade segments. This exchange of chromo- 
some segments— called crossing over — is a key step in the 
generation of genetic diversity that occurs during sexual 
reproduction. 

^ A cell has the haploid number of chromosomes, but each 
chromosome has two chromatids. The chromosomes are 
arranged singly at the center of the spindle. What is the 
meiotic stage? 

([ 3s«ij<Ii;)3iu u j omi At] oaij clu 3ui[ saiuosouioJip aq) semis) jj 3scqdu)9[^[ ; 



Two lily cells 
undergo meiosis II 




Telophase I and Cytokinesis 



Prophase II 



Meiosis II: Sister chromatids separate 
Metaphase II Anaphase II 



Telophase II 
and Cytokinesis 



Cleavage ^ 
furrow 




Telophase I and Cytokinesis 

In telophase I, the chromosomes 
arrive at the poles of the cell. When 
the chromosomes finish their journey, 
each pole of the cell has a haploid 
chromosome set, although each 
chromosome is still in duplicate form 
at this point. In other words, each . 
chromosome still consists of two sister 
chromatids. Usually, cytokinesis occurs 
along with telophase I, and two 
. haploid daughter cells are. formed. . \ ; 

Following telophase I in some 
organisms, the chromosomes uncoil 
and the nuclear envelope re-forms, 
and there is an interphase before 
meiosis II begins. In other species, 
daughter cells produced in the first 
meiotic division immediately begin 
preparation for the second meiotic 
division. In either case, no chromo- 
some duplication occurs between 
telophase I and the onset of meiosis II. 
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Meiosis II 

Meiosis II is essentially the same as mitosis.The important difference is that meiosis II starts with a 
haploid cell. 

During prophase II, a spindle forms and moves the chromosomes toward the middle of the cell. 
During metaphase II, the chromosomes are aligned on the metaphase plate as they are in mitosis, 
. with the kinetdchores of the sister chromatids of each chromosome pointing toward opposite 
'•pblesvlninapha'seltthe " 
tids of each pair, now individual daughter chromosomes, move toward opposite poles of the cell. in 
telophase II, nuclei form at the cell poles, and cytokinesis occurs at the same time. There are now 
four daughter cells, each with the haploid number of (single) chromosomes. 
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7,8 Mitosis and meiosis have important similarities and differences 



You have now learned the two ways that cells of eukaryotic organ- 
isms divide. Mitosis, which provides for growth, tissue repair, and 
asexual reproduction, produces daughter cells that are genetically 
identical to the parent cell. Meiosis, needed for sexual reproduc- 
tion, yields genetically unique haploid daughter cells— cells with 
only one member of each homologous chromosome pair. 

For both mitosis and meiosis, the chromosomes duplicate 
only once, during the S phase of the preceding interphase. 
Mitosis involves one division of the nucleus, and it is usually 
accompanied by cytokinesis, producing two identical diploid 
cells. Meiosis entails two nuclear and cytoplasmic divisions, 
yielding four haploid cells. 

Figure 7.6 compares mitosis and meiosis, tracing these two 
processes for a diploid parent cell with four chromosomes. 
Homologous chromosomes are those matching in size. 

Notice that all the events unique to meiosis occur 
during meiosis I. In prophase I, duplicated homologous 



chromosomes pair to form tetrads, sets of four chromatids, 
with each pair of sister chromatids joined at their centro- 
meres. In metaphase I, tetrads (not individual chromosomes) 
are aligned at the metaphase plate. During anaphase I, pairs 
of homologous chromosomes separate, but the sister chro- 
matids of each chromosome stay together. At the end of 
meiosis I, there are two haploid cells, but each chromosome 
still has two sister chromatids. 

Meiosis II is virtually identical to mitosis in that it separates 
sister chromatids. But unlike mitosis, each daughter cell pro- 
duced by meiosis II has only a haploid set of chromosomes. 

O Explain how mitosis conserves chromosome number while 
meiosis reduces the number from diploid to haploid. 

•)3S piO[dEl| 

sjSms c isnf i[)ia\ dn spu3 \po msu q.ica 'uojsiAip puo33s sqi .isyc isuoisiAip 

OA1J JO JS.IIJ 3l[) III SJEJcdsS S3UIOS0UIO.Iip SnoSojOUIOl) 'SIS013UI UJ 'U33 3l[) 
JO UOISIAip 3U0 ;{q p3M0|[0J SI S3UIOS0UiOJl[3 JO UOnE31[dnp 31J] 'SISOJIUI U] 



Mitosis 



Meiosis I 



Prophase 



Parent cell 

(before chromosome duplication) Site of 

crossing 



Duplicated 
chromosome \ 
(two sister chromatids) 



Metaphase 



I .- 



Anaphase 
Telophase 





Chromosome 
duplication 




Chromosome 
duplication 



2n = 4 



Chromosomes align Tetrads (homologous 
. j at the metaphase plate pairs) align at the 
metaphase plate 



2n 



Sister chromatids 
separate during 
anaphase 



Daughter cells of mitosis 



Homologous 
chromosomes 
separate during 
anaphase I; sister 
chromatids 
remain together 



2n 




Prophase I 



Tetrad formed by 
synapsis of 
homologous 
chromosomes 



Metaphase I 



Anaphase I 
Telophase I 



Haploid 
n= 2 



No further 
chromosomal 
duplication; 
sister chromatids ' 
separate during n n n n 

anaphase II Daughter cells of meiosis II 



A Figure 7.6 Comparison of mitosis and meiosis 
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Reviewing the Concepts 

Cell Division and Reproduction (7.1-7.2) 

7.1 Cell division plays many important roles in the lives of 
organisms. Cell division is at the heart of the reproduction of 
cells and organisms because cells come only from preexisting 
cells. Some organisms reproduce through asexual reproduction, 
and their offspring are all genetic copies of the parent and of 
each other. Others reproduce through sexual reproduction, 
creating a variety of offspring, each with a unique combination 
of traits. 

7.2 Prokaryotes reproduce by binary fission. Prokaryotic cells 
reproduce asexually by cell division. As the cell replicates its single 
chromosome, the copies move apart; the growing membrane then 
divides the cell. 

The Eukaryotic Cell Cycle and Mitosis (7.3) 

7.3 The large, complex chromosomes of eukaryotes 
duplicate with each cell division. A eukaryotic cell has many 
more genes than a prokaryotic cell, and they are grouped into 
multiple chromosomes in the nucleus. Each chromosome 
contains one very long DNA molecule associated with proteins. 
Individual chromosomes are visible only when the cell is in 
the process of dividing; otherwise, they are in the form of thin, 
loosely packed chromatin fibers. Before a cell starts dividing, 
the chromosomes duplicate, producing sister chromatids 
(containing identical DNA) that are joined together. Cell division 
involves the separation of sister chromatids and results in two 
daughter cells, each containing a complete and identical set of 
chromosomes. 

Meiosis and Crossing Over (7.4-7.6) 

7.4 Cell division is a continuum of dynamic changes. Mitosis 
distributes duplicated chromosomes into two daughter nuclei. 
After the chromosomes are coiled up, a mitotic spindle made of 
microtubules moves them to the middle of the cell. The sister 
chromatids then separate and move to opposite poles of the cell, 
where two new nuclei form. Cytokinesis, in which the cell divides 
in two, overlaps the end of mitosis. 

7.5 Meiosis reduces the chromosome number from diploid 

to haploid'. Meiosis.'liKe mitosis, is preceded by chromosome ' : 
duplication, but in meiosis, the cell divides twice to form four 
daughter cells. The first division, meiosis I, starts with synapsis, 
the pairing of homologous chromosomes. In crossing over, 
homologous chromosomes exchange corresponding segments. 
Meiosis I separates the members of each homologous pair and 
produces two daughter cells, each with one set of chromosomes. 
Meiosis II is essentially the same as mitosis: In each of the cells, 
the sister chromatids of each chromosome separate. The result 
is a total of four haploid cells. 

7.6 Mitosis and meiosis have important similarities and differ- 
ences. Both mitosis and meiosis begin with diploid parent cells 
that have chromosomes duplicated during the previous interphase. 
But mitosis produces two genetically identical diploid somatic 
daughter cells, while meiosis produces four genetically unique 
haploid gametes. 




Connecting the Concepts 

1. Complete the following table to compare mitosis and meiosis. 
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daughter cells 






How the chromosomes line up 
during metaphase 
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daughter cells to the parent cell 
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human body 







Testing Your Knowledge 

Multiple Choice 

2. If an intestinal cell in a grasshopper contains 24 chromosomes, 
then a grasshopper sperm cell contains chromosomes. 

a. 3 d. 24 

b. 6 e. 48 

c. 12 

3. Which of the following phases of mitosis is essentially the 
opposite of prophase in terms of nuclear changes? 

a. telophase d. interphase 

b. metaphase e. anaphase 

c. S phase 

4. A biochemist measured the amount of DNA in cells growing in the 
laboratory and found that the quantity of DNA in a cell doubled 

a. between prophase and anaphase of mitosis. 

b. between 'the G, and G 2 phases' of the cell cycle. 

'' • c:. during- the M-phase-of the cell cycle. • '•.•>•'■'■•■-.•.-' "••••- 

d. between prophase I and prophase II of meiosis. 

e. between anaphase and telophase of mitosis. 

5. Which of the following is not a function of mitosis in humans? 

a. repair of wounds 

b. growth 

c. production of gametes from diploid cells 

d. replacement of lost or damaged cells 

e. multiplication of somatic cells 

6. A micrograph of a dividing cell from a mouse showed 19 
chromosomes, each consisting of two sister chromatids. 
During which of the following stages of cell division could 
such a picture have been taken? (Explain your answer.) 

a. prophase of mitosis d. anaphase of mitosis 

b. telophase II of meiosis e. prophase II of meiosis 

c. prophase I of meiosis 




T 
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7. Cytochalasin B is a chemical that disrupts microfilament 
formation. This chemical would interfere with 

a. DNA replication. 

b. formation of the mitotic spindle. 

c. cleavage. 

d. formation of the cell plate. 

e. crossing over. 

8. It is difficult to observe individual chromosomes during 
interphase because 

a. the DNA has not been replicated yet. 

b. they are in the form of long, thin strands. 

c. they leave the nucleus and are dispersed to other parts of 
the cell. 

d. homologous chromosomes do not pair up until division starts. 

e. the spindle must move them to the metaphase plate before 
they become visible. 

9. A fruit fly somatic cell contains 8 chromosomes. This means 

that different combinations of chromosomes are 

possible in its gametes. 

a. 4 d. 32 

b. 8 e. 64 

c. 16 

10. If a fragment of a chromosome breaks off and then reattaches 
to the original chromosome but in the reverse direction, the 
resulting chromosomal abnormality is called 

a. a deletion. d. a nondisjunction. 

b. an inversion. e. a reciprocal translocation. 

c. a translocation. 

Describing, Comparing, and Explaining 

1 1. An organism called a plasmodial slime mold is one large cyto- 
plasmic mass with many nuclei. Explain how such a "megacell" 
could form. 

12. In the light micrograph opposite of dividing cells near the tip 
of an onion root, identify a cell in interphase, prophase, 
metaphase, anaphase, and telophase. Describe the major 
events occurring at each stage. 
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13. Compare cytokinesis in plant and animal cells. In what ways 
are the two processes similar? In what ways are they different? 

Applying the Concepts 

14. Bacteria are able to divide on a much faster schedule than 
eukaryotic cells. Some bacteria can divide every 20 minutes, 
while the minimum time required by eukaryotic cells in a 
rapidly developing embryo is about once per hour, and most 
cells divide much less often than that. State several testable 
hypotheses explaining why bacteria can divide at a faster rate 
than eukaryotic cells. 

15. Red blood cells, which carry oxygen to body tissues, live for 
only about 120 days. Replacement cells are produced by cell 
division in bone marrow. How many cell divisions must occur 
each second in your bone marrow just to replace red blood 
cells? Here is some information to use in calculating your 
answer: There are about 5 million red blood cells per cubic 
millimeter (mm 3 ) of blood. An average adult has about 5 L 
(5,000 cm 3 ) of blood. {Hint What is the total number of red 
blood cells in the body? What fraction of them must be 
replaced each day if all are replaced in 120 days?) 

Answers to all questions can be found in Appendix 1. 



CHAPTER 




Patterns of Inheritance 



BIG IDEAS 




Mendel's Laws 

(8.1-8.3) 

A few simple and long- 
established rules explain many 
aspects of heredity. 





Variations on 
Mendel's Laws 

(8.4) 

Some inheritance patterns are 
more complex than the ones 
described by Mendel. 




The Chromosomal Basis 
of Inheritance 

(8.5) 



Hereditary rules can be 
understood by following the 
behavior of chromosomes. 
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Mendel's Laws 



8.1 The science of genetics has ancient roots 



Attempts to explain inheritance date back at least to 
ancient Greece. The physician Hippocrates (approx- 
imately 460-370 bce) suggested an explanation 
called pangenesis. According to this idea, particles 
called pangenes travel from each part of an organ- 
ism's body to the eggs or sperm and then are 
passed to the next generation; moreover, 
changes that occur in the body during an 
organisms life are passed on in this way. The *\ 
Greek philosopher Aristotle (384-322 BCE; 
Figure 8.1) rejected this idea as simplistic, saying 
that what is inherited is the potential to produce 
body features rather than particles of the features 
themselves. 

Actually, pangenesis proves incorrect in several 
respects. The reproductive cells are not composed 
of particles from somatic (body) cells, and changes 
in somatic cells do not influence eggs and sperm. 
For instance, no matter how much you enlarge your biceps by 
lifting weights, muscle cells in your arms do not transmit genetic 
information to your gametes, and your offspring will not be 
changed by your weight-lifting efforts. This may seem like com- 
mon sense today, but the pangenesis hypothesis and the idea that 
traits acquired during an individuals lifetime are passed on to off- 
spring prevailed weD into the 19th century. 



A Figure 8.1 



By observing inheritance patterns in ornamental 
plants, biologists of the early 1 9th century established 
. that offspring inherit traits from both parents. The 
io favored explanation of inheritance then became the 

"blending" hypothesis, the idea that the hereditary ma- 
2. terials contributed by the male and female parents mix 
in forming the offspring similar to the way that blue 
I and yellow paints blend to make green. For example, 

according to this hypothesis, after the genetic infor- 
\ mation for the colors of black and chocolate 

\ brown Labrador retrievers is blended, the colors 

\ should be as inseparable as paint pigments. But 

this is not what happens: Instead, the offspring 
of a purebred black Lab and a purebred brown 
Lab will all be black, but some of the dogs in 
the next generation will be brown. The blending 
Aristotle hypothesis was finally rejected because it does not 

explain how traits that disappear in one genera- 
tion can reappear in later ones. 

^ Horse breeders sometimes speak of "mixing the bloodlines" of 
two pedigrees. In what way is this phrase inaccurate? 
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8.2 Experimental genetics began in an abbey garden 



Heredity is the transmission of traits from one generation 
to the next. The field of genetics, the scientific study of 

heredity, began in the 1860s, when an 
Augustinian monk named Gregor 
Mendel (Figure 8.2A) deduced the 
fundamental principles of genet- ; - 
ics by breeding garden, peas.. 
Mendel lived and worked in an 
abbey in Brunn, Austria (now 
Brno, in the Czech Republic). 
Strongly influenced by his study 
of physics, mathematics, and 
chemistry at the University 
of Vienna, his research was 
both experimentally and 
mathematically rigorous, 
and these qualities were 
A Figure 8.2A lar g el >' responsible for his 

Gregor Mendel success. 

In a paper published in 
1866, Mendel correctly argued that parents pass on to their 
offspring discrete "heritable factors." In his paper, Mendel 
stressed that the heritable factors, today called genes, retain 
their individuality generation after generation. That is, genes 




are like playing cards; a deck may be shuffled, but the cards 
always retain their original identities, and no card is ever 
blended with another. Similarly, genes may be rearranged but 
each gene permanently retains its identity. 

Mendel probably chose to study garden peas because 
they had' short generation times,- produced large numbers ' 
of offspring from each, mating,' and came irimarty readily ' ' : ■ • ' 
distinguishable varieties. For example, one variety has purple 
flowers, and another variety has white flowers. A heritable 
feature that varies among individuals, such as flower color, is 
called a character. Each variant for a char- 
acter, such as purple or white flowers, 
is called a trait. 
*J • Perhaps the most important 

advantage of pea plants as an 
experimental model was that 
Mendel could strictly control 
matings. As Figure 8.2B shows, 
the petals of the pea flower 



■4 Figure 8.2B The anatomy of a 
garden pea flower (with one petal 
removed to improve visibility) 
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White 




■ Mendel removed 
the stamens from 
a purple flower. 



Carpel 



Parents 
(P) 




fgt He transferred pollen 
from the stamens of 
a white flower to 
the carpel of the 
purple flower. 



HI The pollinated carpel 
matured into a pod. 




Stamens 



Offspring 
(F,) 




A Figure 8.2C Mendel's technique for cross-fertilization of pea plants 

almost completely enclose the reproductive organs: the 
stamens and carpel. Consequently, pea plants usually are 
able to self-fertilize in nature. That is; sperm-carrying pollen 
grains released from the stamens land on the egg-containing 
carpel of the same flower: Mendel could ensure self- 
. fertilization by covfering a-flower^ith-ff small bagso that • 
no pollen from another plant could reach the carpel. When 
he wanted cross-fertilization (fertilization of one plant by 
pollen from a different plant), he used the method shown 
in Figure 8.2C. @ He prevented self-fertilization by cutting 
off the immature stamens of a plant before they produced 
pollen. H To cross-fertilize the stamenless flower, he dusted 
its carpel with pollen from another plant. After pollination, 
if} the carpel developed into a pod, containing seeds (peas) 
that O he planted. The seeds grew into offspring plants. 
Through these methods, Mendel could always be sure of the 
parentage of new plants. 

Mendel's success was due not only to his experimental ap- 
proach and choice of organism but also to his selection of char- 
acteristics to study. He chose to observe seven characters, each 
of which occurred as two distinct traits (Figure 8.2D). Mendel 
worked with his plants until he was sure he had true-breeding 
varieties— that is, varieties for which self-fertilization produced 



offspring all identical to the parent. For instance, he identified 
a purple-flowered variety that, when self fertilized, produced 
offspring plants that all had purple flowers. 

Now Mendel was ready to ask what would happen when 
he crossed his different true-breeding varieties with each 
other. For example, what offspring would result if plants 
with purple flowers and plants with white flowers were 
cross-fertilized? The offspring of two different varieties 
are called hybrids, and the cross-fertilization itself is re- 
ferred to as a hybridization, or simply a genetic cross. The 
true-breeding parental plants are called the P generation 
(P for parental), and their hybrid offspring are called the 
Fi generation (F for filial, from the Latin word for "son"). 
When F t plants self-fertilize or fertilize each other, their off- 
spring are the F 2 generation. We turn to Mendel's results next. 

7 Why was the development of true-breeding varieties critical to 
the success of Mendel's experiments? 
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A Figure 8.2D The seven pea characters studied by Mendel 
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8.3 Mendel's law of segregation describes the inheritance of a single character 



Mendel performed many experiments in which he tracked 
the inheritance of characters that occur in two forms, such as 
flower color. The results led him to formulate several hypothe- 
ses about inheritance. Lets look at some of his experiments and 
follow the reasoning that led to his hypotheses. 

Figure 8.3A starts with a cross between a true-breeding 
pea plant with purple flowers and a true-breeding pea plant 
with white flowers. This is called a monohybrid cross be- 
cause the parent plants differ in only one character — flower 
color. Mendel observed that F, plants all had purple flowers; 
they were not light purple, as predicted by the blending 
hypothesis. Was the white-flowered plant's genetic contribu- 
tion to the hybrids lost? By mating the F, plants with each 
other, Mendel found the answer to be no. Out of 929 F 2 
plants, 705 (about |) had purple flowers and 224 (about \) 
had white flowers, a ratio of about three plants with purple 
flowers to every one with white flowers (abbreviated as 3:1). 
Mendel reasoned that the heritable factor for white flowers 
did not disappear in the F, plants, but was masked when the 
purple-flower factor was present. He also deduced that the 
F, plants must have carried two factors for the flower-color 
character, one for purple and one for white. 

Mendel observed these same patterns of inheritance for six 
other pea plant characters (see Figure 8.2D). From his results, 
he developed four hypotheses, described here using modern 
terminology, such as "gene" instead of "heritable factor." 



L. There are alternative versions of genes that account for variations 
in inherited characters. For example, the gene for flower color in 
pea plants exists in two versions: one for purple and the other 
for white. The alternative versions of a gene are called alleles. 

2. For each character, an organism inherits two alleles, one from 
each parent. These alleles may be the same or different. An 
organism that has two identical alleles for a gene is said to 
be homozygous for that gene (and is a "homozygote" for 
that trait). An organism that has two different alleles for a 
gene is said to be heterozygous for that gene (and is a 
"heterozygote"). 

3. If the two alleles of an inherited pair differ, then one deter- 
mines the organisms appearance and is called the dominant 
allele; the other has no noticeable effect on the organisms ap- 
pearance and is called the recessive allele. We use uppercase 
letters to represent dominant alleles and lowercase letters to 
represent recessive alleles. 

4. A sperm or egg carries only one allele for each inherited char- 
acter because allele pairs separate (segregate) from each other 
during the production of gametes. This statement is called the 
law of segregation. When sperm and egg unite at fertiliza- 
tion, each contributes its allele, restoring the paired condi- 
tion in the offspring. 

Figure 8.3B explains the results in Figure 8.3A. In this 
example, the letter P represents the dominant allele (for purple 
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flowers), and/; stands for the recessive allele (for white flow- 
ers). Both parental plants (at the top of the figure) were true- 
breeding, and Mendel's first two hypotheses propose that one 
parental variety had two alleles for purple flowers (PP) and 
the other had two alleles for white flowers (pp). 

Consistent with hypothesis 4, the gametes of Mendel's 
parental plants each carried one allele; thus, the parental 
gametes in Figure 8.3B are either P or p. As a result of fertil- 
ization, the Fj hybrids each inherited one allele for purple 
flowers and one for white. Hypothesis 3 explains why all of 
the F, hybrids (Pp) had purple flowers: The dominant P allele 
has its full effect in the heterozygote, while the recessive p 
allele has no effect. 

Mendel's hypotheses also explain the 3:1 ratio in the F 2 
generation. Because the F, hybrids are Pp, they make gametes 
P and p in equal numbers. The bottom diagram in Figure 8.3B, 
called a Punnett square, shows the four possible combinations 
of alleles that could occur when these gametes combine. 

The Punnett square shows the proportions of F 2 plants 
predicted by Mendel's hypotheses. If a sperm carrying al- 
lele P fertilizes an egg carrying allele P, the offspring (PP) 
will produce purple flowers. Mendel's hypotheses predict 
that this combination will occur in \ of the offspring. As 
shown in the Punnett square, the hypotheses also predict 
that \ (or two of four) of the offspring will inherit one 
P allele and one p allele. These offspring (Pp) will all 
have purple flowers because P is dominant. The remain- 
ing \ of F 2 plants will inherit two p alleles and will have 
white flowers. 



Because an organisms appearance does not always reveal 
its genetic composition, geneticists distinguish between an 
organisms physical traits, called its phenotype (such as purple 
or white flowers), and its genetic makeup, its genotype (in this 
example, PP, Pp, or pp). So now we see that Figure 8.3A shows 
just phenotypes while Figure 8.3B shows both phenotypes and 
genotypes in our sample crosses. For the F, plants, the ratio of 
plants with purple flowers to those with white flowers (3:1) is 
called the phenotypic ratio. The genotypic ratio, as shown by 
the Punnett square, is 1 PP:2 Pp:lpp. 

Mendel found that each of the seven characteristics he stud- 
ied exhibited the same inheritance pattern: One parental trait 
disappeared in the F, generation, only to reappear in \ of the F 2 
offspring. The mechanism underlying this inheritance pattern 
is stated by Mendel's law of segregation: Pairs of alleles segre- 
gate (separate) during gamete formation. The fusion of gam- 
etes at fertilization creates allele pairs once again. Research 
since Mendel's time has established that due to the separation 
of homologous chromosomes during meiosis I (see Modules 
7.5-7.6), the law of segregation applies to all sexually reproduc- 
ing organisms, including humans. 

9 How can two plants with different genotypes for a particular 
inherited character be identical in phenotype? 
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Variations on Mendel's Laws 

8.4 Incomplete dominance results in intermediate phenotypes 



Mendel's laws explain inheritance in terms of discrete 
factors— genes— that are passed along from generation to 
generation according to simple rules of probability.'Mendei's ' : 
laws are valid for all sexually reproducing organisms, includ- 
ing garden peas, Labradors, and human beings. But just as 
the basic rules of musical harmony cannot account for all the 
rich sounds of a symphony, Mendel's laws stop short of ex- 
plaining some patterns of genetic inheritance. In fact, for 
most sexually reproducing organisms, cases where Mendel's 
laws can strictly account for the patterns of inheritance are 
relatively rare. More often, the inheritance patterns are more 
complex, as we will see in this module. 

The F! offspring of Mendel's pea crosses always looked like 
one of the two parental varieties. In this situation— called 
complete dominance— the dominant allele has the same 
phenotypic effect whether present in one or two copies. But 
for some characters, the appearance of F! hybrids falls be- 
tween the phenotypes of the two parental varieties, an effect 
called incomplete dominance. For instance, as Figure 8.4A 
illustrates, when red snapdragons are crossed with white 



snapdragons, all the F, hybrids have pink flowers. This third 
phenotype results from flowers of the heterozygote haying . 
less red pigment than the red homozygotes. ' " ' ' 

Incomplete dominance does not support the blending 
hypothesis described in Module 8.1, which would predict that 
the red and white traits could never be retrieved from the 
pink hybrids. As the Punnett square at the bottom of Figure 
8. 4 A shows, the F 2 offspring appear in a phenotypic ratio of 
one red to two pink to one white, because the red and white 
alleles segregate during gamete formation in the pink F[ hy- 
brids. In incomplete dominance, the phenotypes of hetero- 
zygotes differ from the two homozygous varieties, and the 
genotypic ratio and the phenotypic ratio are both 1:2:1 in the 
F 2 generation. 

We also see examples of incomplete dominance in humans. 
One case involves a recessive allele (h) that can cause hyper- 
cholesterolemia, dangerously high levels of cholesterol in 
the blood. Normal individuals are HH. Heterozygotes (Hh; 
about one in 500 people) have blood cholesterol levels about 
twice normal. They are unusually prone to atherosclerosis, 



92 Introduction to Biology 



P generation 




generation 



> Pink hybrid 



Gametes 




F 2 generation Sperm 



- i® 

Eggs 

KD 



A Figure 8.4A Incomplete dominance in snapdragon flower color 



the blockage of arteries by cholesterol buildup in artery 
walls, and they may have heart attacks from blocked heart 
arteries by their mid-30s. This form of the disease can often 
be controlled through changes in diet and by taking statins, a 
class of medications that can significantly lower blood choles- 
terol. Hypercholesterolemia is even more serious in homo- 
zygous individuals (hh;- about one in a million people). 
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for ability to make for inability to make 
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LDL 

receptor 




Normal Mild disease Severe disease 

A Figure 8.4B Incomplete dominance in human hyper- 
cholesterolemia 

Homozygotes have about five times the normal amount of 
blood cholesterol and may have heart attacks as early as age 2. 
Homozygous hypercholesterolemia is harder to treat; options 
include high doses of statin drugs, organ surgeries or trans- 
plants, or physically filtering lipids from the blood. 

Figure 8.4B illustrates the molecular basis for hypercholes- 
terolemia. The dominant allele (H), which normal individu- 
als carry in duplicate (HH), specifies a cell-surface receptor 
protein called an LDL receptor. Low-density lipoprotein 
(LDL, sometimes called "bad cholesterol") is transported in 
the blood.Tn certain cells, the LDL receptors mop up excess 
LDL particles from the blood and promote their breakdown. 
This process helps prevent the accumulation of cholesterol in 
arteries. Without the receptors, lethal levels of LDL build up 
in the blood. Heterozygotes (Hh) have only half the normal 
number of LDL receptors, and homozygous recessives (hh) 
have none. 

O Why is a testcross unnecessary to determine whether a snap- 
dragon with red flowers is homozygous or heterozygous? 
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The Chromosomal Basis of Inheritance 

8.5 Chromosome behavior accounts for Mendel's laws 



Mendel published his results in 1866, but not until long after 
he died did biologists understand the significance of his work. 
Cell biologists worked out the processes of mitosis and meiosis 
in the late 1800s (see Chapter 7 to review these processes). 
Then, around 1900, researchers began to notice parallels 
between the behavior of chromosomes and the behavior of 
Mendel's heritable factors. Eventually, one of biology's most im- 
portant concepts emerged. By combining these observations, 
the chromosome theory of inheritance states that genes occupy 



specific loci (positions) on chromosomes, and it is the chromo- 
somes that undergo segregation and independent assortment 
during meiosis. Thus, it is the behavior of chromosomes during 
meiosis and fertilization that accounts for inheritance patterns. 

We can see the chromosomal basis of Mendel's laws by fol- 
lowing the fates of two genes during meiosis and fertilization 
in pea plants. In Figure 8.5, we show the genes for seed shape 
(alleles R and r) and seed color (Y and)') as black bars on dif- 
ferent chromosomes. We will now follow the chromosomes to 
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see how they account for the results of the dihybrid cross 
shown in the Punnett square. We start with the ¥ t generation, 
in which all plants have the RrYy genotype. To simplify 
the diagram, we show only two of the seven pairs of pea 
chromosomes and three of the stages of meiosis: metaphase 
I, anaphase I, and metaphase II. 

To see the chromosomal basis of the law of segregation 
(which states that pairs of alleles separate from each other dur- 
ing gamete formation via meiosis; see Module 8.3), let's follow 
just the homologous pair of long chromosomes, the ones car- 
rying R and r, taking either the left or the right branch from the 
F, cell. Whichever arrangement the chromosomes assume at 
metaphase I, the two alleles segregate as the homologous chro- 
mosomes separate in anaphase I. And at the end of meiosis II, 
a single long chromosome ends up in each of the gametes. Fer- 
tilization then recombines the two alleles at random, resulting 
in F 2 offspring that are \ RR, \ Rr, and \ rr. The ratio of round 
to wrinkled phenotypes is thus 3:1 (12 round to 4 wrinkled), 



the ratio Mendel observed, as shown in the Punnett square in 
the figure. 

To see the chromosomal basis of the law of independent 
assortment (which states that each pair of alleles sorts 
independently of other pairs of alleles during gamete 
formation), follow both the long and short (nonhomologous) 
chromosomes through the figure below. Two alternative, 
equally likely arrangements of tetrads can occur at metaphase 
I. The nonhomologous chromosomes (and their genes) assort 
independently, leading to four gamete genotypes. Random 
fertilization leads to the 9:3:3:1 phenotypic ratio in the F 2 
generation. 

1 Which of Mendel's laws have their physical basis in the follow- 
ing phases of meiosis: (a) the orientation of homologous chro- 
mosome pairs in metaphase I; (b) the separation of homologs 
in anaphase I? 
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CHAPTER 



REV 



Reviewing the Concepts 

Mendel's Laws (8.1-8.3) 

8.1 The science of genetics has ancient roots. 

8.2 Experimental genetics began in an abbey garden. The 

science of genetics began with Gregor Mendel's quantitative exper- 
iments. Mendel crossed pea plants and traced traits from genera- 
tion to generation. He hypothesized that there are alternative ver- 
sions of genes (alleles), the units that determine heritable traits. 

8.3 Mendel's law of segregation describes the inheritance of a 
single character. Mendel's law of segregation predicts that each set 
of alleles will separate as gametes are formed: 



Homologous 
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Fertilization 




Paired alleles, 
different forms 
of a gene 



Gamete Diploid zygote 
from the (containing 
other parent paired alleles) 



Haploid gametes 
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Variations on Mendel's Laws (8.4) 

8.4 Incomplete dominance results In intermediate phenotypes. 

Mendel's laws are valid for all sexually reproducing species, but 
genotype often does not dictate phenotype in the simple way his 
laws describe, as shown in the figure at the top of the next column. 

The Chromosomal Basis of Inheritance (8.5) 

8.5 Chromosome behavior accounts for Mendel's laws. Genes 
are located on chromosomes, whose behavior during meiosis and 
fertilization accounts for inheritance patterns. 



Connecting the Concepts 

1 . Complete this concept map to help you review some key con- 
cepts of genetics. 
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Testing Your Knowledge 

Multiple Choice 

2. Whether an allele is dominant or recessive depends on 

a. how common the allele is, relative to other alleles. 

b. whether it is inherited from the mother or the father. 

c. which chromosome it is on. 

d. whether it or another allele determines the phenotype when 
both are present. 

e. whether or not it is linked to other genes. 

3. Two fruit flies with eyes of the usual red color are crossed, and 
their offspring are as follows: 77 red-eyed males, 71 ruby-eyed 
males, 152 red-eyed females. The allele for ruby eyes is 

a. autosomal (carried on an autosome) and dominant. 

b. autosomal and recessive. 

c. sex-linked and dominant. 

d. sex-linked and recessive. 

e. impossible to determine without more information. 

.4. Amanwhohast^e.Bbloodandawomanwhohastype.A v" 
blood could have children of which of the following phenotypes? 

a. A or B only d. A, B, orO 

b. ABonly e. A,B,AB,orO 

c. ABorO 
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Additional Genetics Problems 

5. In fruit flies, the genes for wing shape and body stripes are 
linked. In a fly whose genotype is WwSs, W is linked to S, 
and u' is linked to s. Show how this fly can produce gametes 
containing four different combinations of alleles. Which are 
parental-type gametes? Which are recombinant gametes? How 
are the recombinants produced? 

6. Adult height in humans is at least partially hereditary; tall 
parents tend to have tall children. But humans come in a range 
of sizes, not just tall and short. Which extension of Mendel's 
model accounts for the hereditary variation in human height? 

7. In rabbits, black hair depends on a dominant allele, B, and brown 
hair on a recessive allele, b. Short hair is due to a dominant allele, 
S, and long hair to a recessive allele, 5. If a true-breeding black, 
short-haired male is mated with a brown, long-haired female, 
describe their offspring. What will be the genotypes of the off- 
spring? If two of these Fi rabbits are mated, what phenotypes 
would you expect among their offspring? In what proportions? 

8. A fruit fly with a gray body and red eyes (genotype BbPp) 
is mated with a fly having a black body and purple eyes 
(genotype bbpp). What ratio of offspring would you expect 
if the body-color and eye-color genes are on different 
chromosomes (unlinked)? When this mating is actually 
carried out, most of the offspring look like the parents, but 
3% have a gray body and purple eyes, and 3% have a black 



body and red eyes. Are these genes linked or unlinked? What 
is the recombination frequency? 

Applying the Concepts 

9. In 1981, a stray black cat with unusual rounded, curled-back ears 
was adopted by a family in Lakewood, California. Hundreds of 
descendants of this cat have since been born, and cat fanciers hope 
to develop the "curl" cat into a show breed. The curl allele is 
apparently dominant and autosomal (carried on an autosome). 
Suppose you owned the first curl cat and wanted to breed it to 
develop a true-breeding variety. Describe tests that would 
determine whether the curl gene is dominant or recessive and 
whether it is autosomal or sex-linked. Explain why you think 
your tests would be conclusive. Describe a test to determine that 
a cat is true-breeding. 




Answers to all questions can be found in Appendix 1. 
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The Structure of the 
Genetic Material 

(9.1-9.2) 

A series of experiments 
established DNA as the 
molecule of heredity. 




DNA Replication 

(9.3) 

Each DNA strand can 
serve as a template for another. 
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The Flow of Genetic 
Information from DNA to 
RNA to Protein 

(9.4) 

Genotype controls phenotype 
through the production of 
proteins. 
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The Structure of the Genetic Materia 

9.1 DNA and RNA are polymers of nucleotides 



By the time Alfred Hershey and Martha Chase performed 
their experiments in 1952, much was already known about 
DNA. Scientists had identified all its atoms and knew how they 
were covalently bonded to one another. What was not under- 
stood was the specific arrangement of atoms that gave DNA its 
unique properties— the capacity to store genetic information, 
copy it, and pass it from generation to generation. However, 
only one year after Hershey and Chase published their results, 
scientists figured out the three-dimensional structure of DNA 
and the basic strategy of how it works. We will examine that 
momentous discovery in Module 9.2, but first, lets look at 
the underlying chemical structure of DNA and its chemical 
cousin RNA. 

Recall from Module 2.13 that DNA and RNA are nucleic 
acids, consisting of long chains (polymers) of chemical units 
(monomers) called nucleotides. Figure 9.1A shows four 
representations of various parts of the same molecule. At left 
is a view of a DNA double helix. One of the strands is opened - 
up (center) to show two different views of an individual DNA 
polynucleotide, a nucleotide polymer (chain). The view on 
the far right zooms into a single 
nucleotide from the chain. Each 
type of DNA nucleotide has a 
different nitrogen-containing 
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of a DNA polynucleotide 
A Figure 9.1A The structure of a DNA polynucleotide 




base: adenine (A), cytosine (C), thymine (T), or guanine (G). 
Because nucleotides can occur in a polynucleotide in any 
sequence and polynucleotides vary in length from long to very 
long, the number of possible polynucleotides is enormous. The 
chain shown in this figure has the sequence ACTGG, only one 
of many possible arrangements of the four types of nucleotides 
that make up DNA. 

Looking more closely at our polynucleotide, we see in the 
center of Figure 9.1 A that each nucleotide consists of three 
components: a nitrogenous base (in DNA: A, C, T, or G), a 
sugar (blue), and a phosphate group (yellow). The nucleotides 
are joined to one another by covalent bonds between the 
sugar of one nucleotide and the phosphate of the next. This 
results in a sugar-phosphate backbone, a repeating pattern 
of sugar-phosphate-sugar-phosphate. The nitrogenous bases 
are arranged like ribs that project from the backbone. 

Examining a single nucleotide in even more detail (on the 
right in Figure 9.1 A), you can see the chemical structure of its 
three components. The phosphate group has a phosphorus 
atom (P) at its center and is the source of the word acid in 
nucleic acid. The sugar has five carbon atoms, shown in red 
here for emphasis— four in its ring and one extending above 
the ring. The ring also includes an oxygen atom. The sugar is 
called deoxyribose because, compared with the sugar ribose, 
it is missing an oxygen atom. (Notice that the C atom in 
the lower right corner of the ring is bonded to an H 
atom instead of to an —OH group, as it is in 
ribose; see Figure 9.1C. Hence, DNA is 
"deoxy"— which means "without an 
oxygen"— compared to RNA.) 
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The full name for DNA is deoxyribonucleic acid, with the 
nucleic portion of the word referring to DNAs location in the 
nuclei of eukaryotic cells. Each nitrogenous base (thymine, in 
our example at the right in Figure 9.1 A) has a single or double 
ring consisting of nitrogen and carbon atoms with various 
functional groups attached. Recall from Module 2.2 that a 
functional group is a chemical group that affects a molecules 
function by participating in specific chemical reactions. In the 
case of DNA, the main role of the functional groups is to deter- 
mine which other kind of bases each base can hydrogen-bond 
with. For example, the NH 2 group hanging off cytosine is capa- 
ble of forming a hydrogen bond to the C=0 group hanging 
off guanine, but not with the NH 2 group protruding from ade- 
nine. The chemical groups of the bases are therefore responsi- 
ble for DNAs most important property, which you will learn 
more about in the next module. In contrast to the acidic phos- 
phate group, nitrogenous bases are basic, hence their name. 

The four nucleotides found in DNA differ only in the struc- 
ture of their nitrogenous bases (Figure 9.1B). At this point, the 
structural details are not as important as the fact that the bases 
are of two types. Thymine (T) and cytosine (C) are single-ring 
structures called pyrimidines. Adenine (A) and guanine (G) 
are larger, double-ring structures called purines. The one-letter 
abbreviations can be used either for the bases alone or for the 
nucleotides containing them. 

What about RNA (Figure 9.1C)? As its name— ribonucleic 
acid— implies, its sugar is ribose rather than deoxyribose. 
Notice the ribose in the RNA nucleotide.in Figure 9.1C; 



Phosphate 
group 



Nitrogenous base 
(can be A,G,C,or U) 





Uracil 




< Figure 9.1D A computer 
model showing part of an RNA 
polynucleotide 



Cytosine 



Sugar 
(ribose) 



A Figure 9.1C An RNA nucleotide 



Guanine 



Ribose — 

Phosphate 

unlike deoxyribose, the sugar 
ring has an —OH group attached to the < 
atom at its lower-right corner. Another 
difference between RNA and DNA is 
that instead of thymine, RNA has a 
nitrogenous base called uracil (U). 
(You can.see the structure of uracil 
in Figure 9.1 C; it is very similar to 
thymine.) Except for the presence 
of ribose and uracil, an RNA poly- 
nucleotide chain is identical to a DNA 
polynucleotide chain. Figure 9.1D is a 
computer graphic of a piece of RNA polynucleotide about 
20 nucleotides long. In this 3-D view, each sphere represents 
an atom, and notice that the color scheme is the same as in the 
other figures in this module. The yellow phosphate groups and 
blue ribose sugars make it easy to spot the sugar-phosphate 
backbone. 

In this module, we reviewed the structure of the nucleic 
acids DNA and RNA. In the next module, we'll see how two 
DNA polynucleotides join together in a molecule of DNA. 

^ Compare and contrast DNA and RNA polynucleotides. 
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SCIENTIFIC 
DISCOVERY 



9.2 DNA is a double-stranded helix 




A Figure 9.2A 

Rosalind Franklin and 
her X-ray image of DNA 



After the 1952 Hershey-Chase experiment convinced most 
biologists that DNA was the material that stored genetic in- 
formation, a race was on to determine how the structure of 
this molecule could account for its role in heredity. By that 
time, the arrangement of covalent bonds in a nucleic acid 
polymer was well established, and researchers focused on 
discovering the three-dimensional shape of DNA. First 
to the finish line were two scientists who were relatively 
unknown at the time — American James D. Watson and 
Englishman Francis Crick. 

The brief but celebrated partnership 
that solved the puzzle of DNA structure 
began soon after Watson, a 23-year-old 
newly minted Ph.D., journeyed to 
Cambridge University in England, 
where the more senior Crick was 
studying protein structure with a 
technique called X-ray crystallogra- 
phy. While visiting the laboratory of 
Maurice Wilkins at King's College in 
London, Watson saw an X-ray crystal- 
lographic image of DNA produced by 
Wilkinss colleague Rosalind Franklin 
(Figure 9.2A). A careful study of the 
image enabled Watson to deduce 
the basic shape of DNA to be a helix 
with a uniform diameter of 2 
nanometers (nm), with its nitroge- 
nous bases stacked about one-third 
of a nanometer apart. (For comparison, the plasma mem- 
brane of a cell is about 8 nm thick.) The diameter of the helix 
suggested that it was made up of two polynucleotide strands, 
a double helix. 

Watson and Crick began trying to construct a wire model 
■ of a double helix that would conform both to Franklins 
data and to what was then known about the chemistry of 
DNA (Figure 9.2ES). They had concluded that the sugar- 
phosphate backbones-must be on the outside of the double 
helix, forcing the nitrogenous bases to swivel to the inte- 
rior of the molecule. But how were the bases arranged in 
the interior of the double helix? 

At first, Watson and Crick imagined that the bases 
paired like with like— for example, A with A and C with C. 
But that kind of pairing did not fit the X-ray data, which 
suggested that the DNA molecule has a uniform diameter. 
An A-A pair, with two double-ring bases, would be almost 
twice as wide as a C-C pair. It soon became apparent that a 
double-ringed base (purine) must always be paired with a 
single-ringed base (pyrimidine) on the opposite strand. 
Moreover, Watson and Crick realized that the individual 
structures of the bases dictated the pairings even more 
specifically. As discussed in the previous module, each base 
has functional groups protruding from its six-sided ring 
that can best form hydrogen bonds with one appropriate 
partner. Adenine can best form hydrogen bonds with 



thymine, and guanine with cytosine. In the biologist's short- 
hand, A pairs with T, and G pairs with C. A is also said to be 
"complementary" to T, and G to C. 

Watson and Cricks pairing scheme not only fit what was 
known about the physical attributes and chemical bonding 
of DNA, but also explained some data obtained several years 
earlier by American biochemist Erwin Chargaff. Chargaff had 
discovered that the amount of adenine in the DNA of any one 
species was equal to the amount of thymine and that the 
amount of guanine was equal to that of cytosine. Chargaff s 
rules, as they are calledj are explained by the fact that A on 
one of DNA's polynucleotide chains always pairs with T on 
the other polynucleotide chain, and G on one chain pairs only 
with C on the other chain. 

You can picture the model of the DNA double helix pro- 
posed by Watson and Crick as a rope ladder with wooden 
rungs, with the ladder twisting into a spiral (Figure 9.2C). 

The side ropes are the equivalent of the 
sugar-phosphate backbones, and the 
rungs represent pairs of nitrogenous 
bases joined by hydrogen bonds. 
I Figure 9.2D shows three represen- 
| tations of the double helix. The 
; shapes of the base symbols in the 
ribbonlike diagram on the left indi- 
cate the bases' complementarity; no- 
tice that the shape of any kind of base 
matches only one other kind of base. In the 
center of the diagram is an atomic-level version 
showing four base pairs, with the helix untwisted and the hy- 
drogen bonds specified by dotted lines. Notice that a C-G 
base pair has functional groups that form three hydrogen 
bonds, while an A-T base pair has functional groups that 





A Figure 9.2B Watson and Crick in 1953 with their model of the DNA 
double helix 
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Twist 

▲ Figure 9.2C A rope ladder model for the double helix 



form two hydrogen bonds. This difference means that C-G 
base pairs are somewhat stronger than A-T base pairs. You 
can see that the two sugar-phosphate backbones of the dou- 
ble helix are oriented in opposite directions. (Notice that the 
sugars on the two strands are upside down with respect to 
each other.) On the right is a computer graphic showing most 
of the atoms of part of a double helix. The atoms that com- 
pose the deoxyribose sugars are shown as blue, phosphate 
groups as yellow, and nitrogenous bases as shades of green 
and orange. 



Although the Watson-Crick base-pairing rules dictate the 
side-by-side combinations of nitrogenous bases that form the 
rungs of the double helix, they place no restrictions on the se- 
quence of nucleotides along the length of a DNA strand. In fact, 
the sequence of bases can vary in countless ways, and each gene 
has a unique order of nucleotides, or base sequence. 

In April 1953, Watson and Crick rocked the scientific 
world with a succinct paper explaining their molecular model 
for DNA in the journal Nature. In 1962, Watson, Crick, and 
Wilkins received the Nobel Prize for their work. (Rosalind 
Franklin probably would have received the prize as well but 
for her death from cancer in 1958; Nobel Prizes are never 
awarded posthumously.) Few milestones in the history of 
biology have had as broad an impact as the discovery of 
the double helix, with its A-T and C-G base pairing. 

The Watson-Crick model gave new meaning to the 
words genes and chromosomes— and to the chromosome 
theory of inheritance (see Module 8.5). With a complete 
picture of DNA, we can see that the genetic information 
in a chromosome must be encoded in the nucleotide 
sequence of the molecule. One powerful aspect of the 
Watson-Crick model is that the structure of DNA suggests 
a molecular explanation for genetic inheritance, as we will 
see in the next module. 



9 Along one strand of a double helix is the nucleotide sequence 
GGCATAGGT. What is the complementary sequence for the 
other DNA strand? 

YD3J.VI0D3 
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DNA Replication 



9.3 DNA replication depends on specific base pairing 



One of biology's overarching themes— the relationship be- 
tween structure and function— is evident in the double helix. 
The idea that there is specific pairing of bases in DNA was 
the flash of inspiration that led Watson and Crick to the 
correct structure of the double helix. At the same time, they 
saw the functional significance of the base-pairing rules. 
They ended their classic 1953 paper with this statement: 
"It has not escaped our notice that the specific pairing we 
have postulated immediately suggests a possible copy- 
ing mechanism for the genetic material." 

The logic behind the Watson-Crick proposal for how 
DNA is copied— by specific pairing of complementary 
bases— is quite simple. You can see this by covering one 
of the strands in the parental DNA molecule in Figure 9.3A. 
You can determine the sequence of bases in the covered 
strand by applying the base-pairing rules to the unmasked 
strand: A pairs with T (and T with A), and G pairs with C 
(and C with G). 

Watson and Crick predicted that a cell applies the same 
rules when copying its genes. As shown in Figure 9.3A, the 
two strands of parental DNA (blue) separate. Each then be- 
comes a template for the assembly of a complementary strand 
from a supply of free nucleotides (gray) that is always avail- 
able within the nucleus. The nucleotides line up one at a time 
along the template strand in accordance with the base-pairing 
rules. Enzymes link the nucleotides to form the new DNA 
strands. The completed new molecules, identical to the 
parental molecule, are known as daughter DNA (although no 
gender should be inferred). 

Watson and Cricks model predicts that when a double 
helix replicates, each of the two daughter molecules will 
have one old strand, which was part of the parental 
molecule, and one newly created strand. This model for 
DNA replication is known as the semiconservative model 
because half of the parental molecule ts'rhairitained 
(conserved) in each daughter molecule': "The'semicons'erva- ' 
tive model of replication was confirmed by experiments 
performed in the 1950s. 




Parental DNA 
molecule 



Daughter 
strand Parental 
strand 



A Figure 9.3B The untwisting and replication of DNA 



Although the general mechanism of DNA replication is 
conceptually simple, the actual process is complex, requiring 
the coordination of more than a dozen enzymes and other 
proteins. Some of the complexity arises from the need for 
the helical DNA molecule to untwist as it replicates and 
for the two new strands to be made roughly simultaneously 
(Figure 9.3B). Another challenge is the speed of the process. 
E. coli, with about 4.6 million DNA base pairs, can copy 
its entire genome in less than an hour. Humans, with over 
6 billion base pairs in 46 diploid chromosomes, require only 
a few hours. And yet, the process is amazingly accurate; 
typically, only about one DNA nucleotide per several billion 
is incorrectly paired. In the next module, we take a closer 
look at the mechanisms of DNA replication that allow it to 
proceed with such speed and accuracy. 



,f ' H05V does complementary base pairing make possible the 
*" replication of DNA? 
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► Figure 9.3A 

A template model for 
DNA replication 
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The Flow of Genetic Information from DNA 
to RNA to Protein 

9.4 The DNA genotype is expressed as proteins, which provide 
the molecular basis for phenotypic traits 



With our knowledge of DNA, we can now define genotype and 
phenotype more precisely than we did in Chapter 8. An organ- 
isms genotype, its genetic makeup, is the heritable information 
contained in its DNA. The phenotype is the organisms physical 
traits. So what is the molecular connection between genotype 
and phenotype? 

The answer is that the DNA inherited by an organism speci- 
fies traits by dictating the synthesis of proteins. In other words, 
proteins are the links between the genotype and the phenotype. 
However, a gene does not build a protein directly. Rather, a gene 
dispatches instructions in the form of RNA, which in turn pro- 
grams protein synthesis. This fundamental concept in biology, 
termed the "central dogma" by Francis Crick, is summarized in 
Figure 9.4A. The molecular "chain of command" is from DNA 
in the nucleus of the cell to RNA to protein synthesis in the cy- 
toplasm. The two main stages are transcription, the synthesis of 
RNA under the direction of DNA, and translation, the synthe- 
sis of protein under the direction of RNA. 

The relationship between genes and proteins was first 
proposed in 1909, when English physician Archibald Garrod 
suggested that genes dictate phenotypes through enzymes, the 
proteins that catalyze chemical reactions. Garrod hypothesized 
that an inherited disease reflects a persons inability to make a 
particular enzyme, and he referred to such diseases as "inborn 
errors of metabolism." He gave as one example the hereditary 
condition called alkaptonuria, in which the urine is dark because 
it contains a chemical called alkapton. Garrod reasoned that in- 
dividuals without the disorder have an enzyme that breaks down 
alkapton, whereas alkaptonuric individuals cannot make the 
enzyme. Garrods hypothesis was ahead of its time, but research 
conducted decadeslater proved him right. In the intervening 
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A Figure 9.4A The flow of genetic information in a eukaryotic cell 



years, biochemists accumulated evidence that cells make and 
break down biologically important molecules via metabolic 
pathways, as in the synthesis of an amino acid or the breakdown 
of a sugar. As we described in Unit I, each step in a metabolic 
pathway is catalyzed by a specific enzyme. Therefore, 
individuals lacking one of the enzymes for a pathway are 
unable to complete it. 

The major breakthrough in demonstrating the relationship 
between genes and enzymes came in the 1940s from the work 
of American geneticists George Beadle and Edward Tatum 
with the bread mold Neurospora crassa (Figure 9.4B). Beadle 
and Tatum studied strains of the mold that were unable to 
grow on a simple growth medium. Each of these so-called 
nutritional mutants turned out to lack 
an enzyme in a metabolic pathway 
that produced some molecule 
the mold needed, such as an 
amino acid. Beadle and 
Tatum also showed that 
each mutant was defec- 
tive in a single gene. This 
result suggested the one 
gene-one enzyme hy- 
pothesis—the idea that 
the function of a gene is to 
dictate the production of a 
specific enzyme. 

The one gene-one enzyme 
hypothesis has been amply 
confirmed, but with impor- 
tant modifications. First,, it . . . . - -. . 
.was extended beyond enzymes to include all. types of pr.Or.; ..• 
teins. For example, keratin (the structural protein of hair) and 
the hormone insulin are two examples of proteins that are not 
enzymes. So biologists began to think in terms of one 
gene-one protein. However, many proteins are made from 
two or more polypeptide chains, with each polypeptide speci- 
fied by its own gene. For example, hemoglobin, the oxygen- 
transporting protein in your blood, is built from two kinds of 
polypeptides, encoded by two different genes. Thus, Beadle 
and Tatum's hypothesis is now stated as follows: The function 
of a gene is to dictate the production of a polypeptide. Even 
this description is not entirely accurate, in that the RNA tran- 
scribed from some genes is not translated. The flow of infor- 
mation from genotype to phenotype continues to be an active 
research area. 

7 What are the functions of transcription and translation? 
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A Figure 9.4B The bread 
mold Neurospora crasser growing ' 
in a culture dish 
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C H A P T E R 



Reviewing the Concepts 

The Structure of the Genetic Material (9.1-9.2) 

9.1 DNA and RNA are polymers of nucleotides. 



REVIEW 
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9.2 DNA is a double-stranded helix. Watson and Crick worked 
out the three-dimensional structure of DNA: two polynucleotide 
strands wrapped around each other in a double helix. Hydrogen 
bonds between bases hold the strands together. Each base pairs 
with a complementary partner: A with T, G with C. 
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DNA Replication (9.3) 

9.3 DNA replication depends on specific base pairing. DNA 

replication starts with the separation of DNA strands. Enzymes 
then use each strand as a template to assemble new nucleotides 
into a complementary strand. 

The Flow of Genetic Information from 
DNA to RNA to Protein (9.4) 

9.4 The DNA genotype is expressed as proteins, which provide 
the molecular basis for phenotypic traits. The DNA of a gene— a 
•linear seq'uenceof many nucleotides— is transcribed into RNA, 
which is. translated into a-polypeptide.- ; .; .• . 

Connecting the Concepts 

1 . Check your understanding of the flow of genetic information 
through a cell by filling in the blanks. 



Testing Your Knowledge 

Multiple Choice 

2. A geneticist found that a particular mutation had no effect on 
the polypeptide encoded by a gene. This mutation probably 
involved 

a. deletion of one nucleotide. 

b. alteration of the start codon. 

c. insertion of one nucleotide. 

d. deletion of the entire gene. 

e. substitution of one nucleotide. 

3. Which of the following correctly ranks the structures in order 
of size, from largest to smallest? 

a. gene-chromosome-nucleotide-codon 

b. chromosome-gene-codon-nucleotide 

c. nucleotide-chromosome-gene-codon 

d. chromosome-nucleotide-gene-codon 

e. gene-chromosome-codon-nucleotide 
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Describing, Comparing, and Explaining 

4. Describe the process of DNA replication: the 
ingredients needed, the steps in the process, and the 
final product. 

5. Describe the process by which the information in a eukaryotic 
gene is transcribed and translated into a protein. Correctly use 
these words in your description: tRNA, amino acid, start 
codon, transcription, RNA splicing, exons, introns, mRNA, 
gene, codon, RNA polymerase, ribosome, translation, anti- 
codon, peptide bond, stop codon. 



Applying the Concepts 

6. A cell containing a single chromosome is placed in a medium 
containing radioactive phosphate so that any new DNA 
strands formed by DNA replication will be radioactive. The 
cell replicates its DNA and divides. Then the daughter cells 
(still in the radioactive medium) replicate their DNA and 
divide, and a total of four cells are present. Sketch the DNA 
molecules in all four cells, showing a normal (nonradioactive) 
DNA strand as a solid line and a radioactive DNA strand as a 
dashed line. 

Answers to all questions can be found in Appendix 1. 
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BIG IDEAS 




Structure and Function in 
Animal Tissues 

(10.1-10.6) 

The structural hierarchy in an 
animal begins with cells and 
tissues, whose forms correlate 
with their functions. 





Organs and Organ 
Systems 

(10.7-10.8) 

Tissues are arranged into 

organs, which may be 
functionally coordinated in 
organ systems. 
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Structure and Function in Animal Tissues 



10.1 Structure fits function at all levels of organization in the animal body 



When discussing structure and function, biologists 
distinguish anatomy from physiology. Anatomy is 
the study of the form of an organisms structures; 
physiology is the study of the functions of those struc- 
tures. A biologist interested in anatomy, for instance, 
might focus on the arrangement of muscles and bones 
in a geckos legs. A physiologist might study how a 
gecko's muscles function. Despite their different 
approaches, both scientists are working toward a better 
understanding of the connection between structure and 
function, such as how the structural adaptations of the hairs i 
its toes give the gecko its remarkable ability to walk on walls. 

Structure in the living world is organized in hierarchica 
levels. We followed the progression from molecules to cdh 
in Unit I. Now, let's trace the hierarchy in animals from eel 
to organisms. As we discussed in Module 1.2, emergent 
properties— novel properties that were not present at the 
preceding level of the hierarchy of life— arise as a result 
of the structural and functional organization of each level's 
component parts. 

Figure 10.1 illustrates structural hierarchy in a 
ring-tailed lemur. Part A shows a single muscle cell in the 
lemur's heart. This cell's main function is to contract, and 
the stripes in the cell indicate the precise alignment of strands 
of proteins that perform that function. Each muscle cell is 
also branched, providing for multiple connections to other 
cells that ensure coordinated contractions of all the muscle 
cells in the heart. 

Together, these heart cells make up a tissue (Part B), the 
second structural level. A tissue is an integrated group of simi- 
lar cells that perform a common function. The cells of a tissue 
are specialized, and their structure enables them to perform a 
specific task— in this instance, coordinated contraction. 

Part C, the heart itself, illustrates the organ level of the 
hierarchy. An organ is made up of two or more types of 
, tissues that -together performs specific task. In addition to 
muscle tissue, the heart includes nervous, epithelial, and 
connective tissue. 

Part D shows the circulatory system, the organ system of 
which the heart is a part. An organ system consists of multiple 
organs that together perform a vital body function. Other parts 
of the circulatory system include the blood and the blood 
vessels: arteries, veins, and capillaries. 

In Part E, the lemur itself forms the final level of this hierar- 
chy. An organism contains a number of organ systems, each 
specialized for certain tasks and all functioning together as an 
integrated, coordinated unit. For example, the lemurs circula- 
tory system cannot function without oxygen supplied by the 
respiratory system and nutrients supplied by the digestive sys- 
tem. And it takes the coordination of several other organ 
systems to enable this animal to walk or climb trees. 

The ability to climb trees or waEs emerges from the specific 
arrangement of specialized structures. As we see throughout 
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A Figure 10.1 A structural hierarchy in a ring-tailed lemur 



our study of the anatomy and physiology of animals, form fits 
function at each level of the structural hierarchy. In several 
modules to come, we focus on the tissue level of this biological 
hierarchy. 

*) Explain how the ability to pump blood is an emergent property 
of a heart, which is at the organ level of the biological hierarchy. 
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10.2 Tissues are groups of cells with a common structure and function 



In almost all animals, the cells of the body are organized into 
tissues. The term tissue is from a Latin word meaning "weave," 
and some tissues resemble woven cloth in that they consist of 
a meshwork of nonliving fibers and other extracellular sub- 
stances surrounding living cells. Other tissues are held together 
by a sticky glue that coats the cells or by special junctions be- 
tween adjacent plasma membranes. The structure of tissues 
relates to their specific functions. 

The specialization of complex body parts such as organs 
and organ systems is largely based on varied combinations of a 



limited set of cells and tissue types. For example, your lungs 
and blood vessels have very distinct functions, but they are 
lined by tissues that are of the same basic type. 

Your body is built from four main types of tissues: epithelial, 
connective, muscle, and nervous. We examine the structure 
and function of these tissue types in the next four modules. 

O How is a tissue different from a cell and an organ? 
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10.3 Epithelial tissue covers the body and lines its organs and cavities 



Epithelial tissues, or epithelia (singular, epithelium), are sheets 
of closely packed cells that cover your body surface and line 
your internal organs and cavities. The tightly knit cells form a 
protective barrier and, in some cases, a surface for exchange 
with the fluid or air on the other side. One side of an epithe- 
lium is attached to a basal lamina, a dense mat of extracellular 
matrix consisting of fibrous proteins and sticky polysaccha- 
rides that separates the epithelium from the underlying tissues. 
The other side, called the apical surface, faces the outside of an 
organ or the inside of a tube or passageway. 

Epithelial tissues are named according to the number of 
cell layers they have and according to the shape of the cells on 
their apical surface. A simple epithelium has a single layer of 
cells, whereas a stratified epithelium has multiple layers. A 
pseudostratified epithelium has a single layer but appears strat- 
ified because the cells vary in length. The shape of the cells 
maybe squamous (flat like floor tiles), cuboidal (like dice), or 
columnar (like bricks on end). Figure 10.3 shows examples of 
different types of epithelia. In each case, the pink color identi- 
fies the cells of the epithelium itself. 
■ The structure of each type of epithelium fits its function/ 
Simple squamous epithelium (Part A) is thin and leaky and 
thus suitable for exchanging materials by diffusion. You would 
find it lining your capillaries and the air sacs of your lungs. 



Both cuboidal and columnar epithelia have cells with a 
relatively large amount of cytoplasm, facilitating their role of 
secretion or absorption of materials. Part B shows a cuboidal 
epithelium forming a tube in the kidney. Such epithelia are also 
found in glands, such as the thyroid and salivary glands. A 
simple columnar epithelium (Part C) lines your intestines, 
where it secretes digestive juices and absorbs nutrients. 

The many layers of the stratified squamous epithelium 
in Part D make it well suited for lining surfaces subject to 
abrasion, such as your outer skin and the linings of your 
mouth and esophagus. Stratified squamous epithelium 
regenerates rapidly by division of the cells near the basal 
lamina. New cells move toward the apical surface as older 
cells slough off. 

The pseudostratified ciliated columnar epithelium in Part E 
forms a mucous membrane that lines portions of your respira- 
tory tract and helps keep your lungs clean. Dust, pollen, and 
other particles are trapped in the mucus it secretes and then 
swept up and out of your respiratory tract by the beating of the 
cilia on its cells. • • ' 

? Epithelial tissues are named according to the of cells 

on their apical surface and the number of cell . 
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C Simple columnar epithelium 

(lining the intestines) 

A Figure 10.3 Types of epithelial tissue 



10.4 Connective tissue binds and supports other tissues 



In contrast to epithelium, connective tissue consists of a 
sparse population of cells scattered throughout an extracellu- 
lar material called a matrix. The cells produce and secrete the 
matrix, which usually consists of a web of fibers embedded in 
a liquid, jelly, or solid. Connective tissues may be grouped 
into six major types. Figure' 10.4 shows micrographs of each 
type arid illustrates where each would be found -in- youra'rm, - 
for example. 

The most widespread connective tissue in your body is 
called loose connective tissue (Part A) because its matrix is a 
loose weave of fibers. Many of the fibers consist of the strong, 
ropelike protein collagen. Other fibers are more elastic, making 
the tissue resilient as well as strong. Loose connective tissue 
serves mainly to bind epithelia to underlying tissues and hold 
organs in place. In the figure, we show the loose connective tis- 
sue that lies directly under the skin. 

Fibrous connective tissue (Part B) has densely packed par- 
allel bundles of collagen fibers, an arrangement that maximizes 
its strength. This tissue forms tendons, which attach your mus- 
cles to bone, and ligaments, which connect your bones at joints. 

Adipose tissue (Part C) stores fat in large, closely packed 
adipose cells held in a matrix of fibers. This tissue pads and 
insulates your body and stores energy. Each adipose cell 
contains a large fat droplet that swells when fat is stored 
and shrinks when fat is used as fuel. 



The matrix of cartilage (Part D), a connective tissue that 
forms a strong but flexible skeletal material, consists of collagen 
fibers embedded in a rubbery material. Cartilage commonly 
surrounds- the ends of bones, providing a shock-absorbing sur- 
face. It also supports your ears and nose and forms the cushion- 
ing disks between your vertebrae. 

Bone.(Part E) has a matrix of collagen fibers embedded in - 
a hard mineral substance made of calcium, magnesium, and 
phosphate. The combination of fibers and minerals makes bone 
strong without being brittle. The microscopic structure of com- 
pact regions of bones contains repeating circular layers of 
matrrx, each with a central canal containing blood vessels 
and nerves. Like other tissues, bone contains living cells and 
can therefore grow as you grow and mend when broken. 

Blood (Part F) transports substances throughout your body 
and thus functions differently from other connective tissues. Its 
extensive extracellular matrix is a liquid called plasma, which 
consists of water, salts, and dissolved proteins. Suspended in the 
plasma are red blood cells, which carry oxygen; white blood 
cells, which function in defense against disease; and platelets, 
which aid in blood clotting. 

O Why does blood qualify as a type of connective tissue? 
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10.5 Muscle tissue functions in movement 



Muscle tissue is the most abundant tissue in most animals. 
It consists of long cells called muscle fibers, each containing 
many molecules of contractile proteins. Figure 10.5 shows 
micrographs of the three types of vertebrate muscle tissue. 

Skeletal muscle (Part A) is attached to your bones by tendons 
and is responsible for voluntary movements of your body, such as 
walking or bouncing a ball. The arrangement of the contractile 
units along the length of muscle fibers gives the cells a striped, 
or striated, appearance, as you can" see in the micrograph below. 

Cardiac muscle (Part B) forms the contractile tissue of your 
heart. It is striated like'skeletal muscle, But it is under involuntary' 
- control, meaning that you cannot consciously cotitrol its'- con- 
traction. Cardiac muscle fibers are branched, interconnecting 



at specialized junctions that rapidly relay the signal to contract 
from cell to cell during your heartbeat. 

Smooth muscle (Part C) gets its name from its lack of 
striations. Smooth muscle is found in the walls of your diges- 
tive tract, arteries, and other internal organs. It is responsible 
for involuntary body activities, such as the movement of food 
through your intestines. Smooth muscle cells are spindle- 
shaped and contract more slowly than skeletal muscles, but can 
sustain contractions for a longer period of time. 

*> • The muscles responsible for a gecko climbing a wall are 
• ' ■ - niiisfilps. • 
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Junction between 
two cells 




C Smooth muscle 



A Figure 10.5 The three types of muscle tissue 
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10.6 Nervous tissue forms a communication network 



Nervous tissue senses stimuli and rapidly transmits informa- 
tion. Nervous tissue is found in your brain and spinal cord, 
as well as in the nerves that transmit signals throughout 
your body. 

The structural and functional unit of nervous tissue is 
the nerve cell, or neuron, which is uniquely specialized 
to conduct electrical nerve impulses. As you can see in the 
micrograph in Figure 10.6, a neuron consists of a cell body 
(containing the cell's nucleus and other organelles) and a 
number of slender extensions. Dendrites and the cell body re- 
ceive nerve impulses from other neurons. Axons, which are 
often bundled together into nerves, transmit signals toward 
other neurons or to an effector, such as a muscle cell. 

Nervous tissue actually contains many more supporting 
cells than neurons. Some of these cells surround and insulate 
axons, promoting faster transmission of signals. Others help 
nourish neurons and regulate the fluid around them. 




A Figure 10.6 A neuron 



9 How does the long length of some axons (such as those that 
extend from your lower spine to your toes) relate to the func- 
tion of a neuron? 
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Organs and Organ Systems 



10.7 Organs are made up of tissues 



In all but the simplest animals, tissues are arranged into organs 
that perform specific functions. The heart, for example, while 
mostly muscle, also has epithelial, connective, and nervous tis- 
sues. Epithelial tissue lining the heart chambers prevents leak- 
age and provides a smooth surface over which blood can flow. 
Connective tissue makes the heart elastic and strengthens its 
walls. Neurons regulate the contractions of cardiac muscle. 

In some organs, tissues are organized in layers, as you can 
see in the diagram of the small intestine in Figure 1017. The 
lumen, or interior space, of the small intestine is lined by a 
columnar epithelium that secretes digestive juices and absorbs 
nutrients. Notice the finger-like projections that increase the 
surface area of this lining. Underneath the epithelium (and ex- 
tending into the projections) is connective tissue, which con- 
tains blood vessels. The two layers of smooth muscle, oriented 
in different directions, propel food through the intestine. The 
smooth muscle, in turn, is surrounded by another layer of con- 
nective tissue and epithelial tissue. 

An organ represents a higher level of structure than the 
tissues composing it, and it performs functions that none of 
its component tissues can carry out alone. These functions 
emerge from the coordinated interactions of tissues. 

*> Explain why a disease that damages connective tissue can 
impair most of the body's organs. 
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A Figure 10.7 Tissue layers of the wall of the small intestine 
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10.8 Organ systems work together to perform life's functions 



Just as it takes several different tissues to build an organ, it takes 
the integration of several organs into organ systems to perform 
the body's functions. Figure 10.8 illustrates the organ systems 
found in humans and other mammals. As you read through the 
brief descriptions of these systems and study their components 
in the figure, remember that all of the organ systems are inter- 
dependent and work together to create a functional organism. 

A The circulatory system delivers 2 and nutrients to your 
body cells and transports C0 2 to the lungs and metabolic 
wastes to the kidneys. 



B The respiratory system exchanges gases with the envi- 
ronment, supplying your blood with O, and disposing of CO,. 

C The integumentary system protects your body against 
physical injury, infection, excessive heat or cold, and drying 
out. 

D The skeletal system supports your body, protects organs 
such as your brain and lungs, and provides the framework for 
muscles to produce movement. 

E The muscular system moves your body, maintains pos- 
ture, and produces heat. 





A Figure 10.8 Human organ systems and their component parts 
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F The urinary system removes waste products from your 
blood and excretes urine. It also regulates the chemical 
makeup, pH, and water balance of your blood. 

G The digestive system ingests and digests your food, 
absorbs nutrients, and eliminates undigested material. 

H The endocrine system secretes hormones that regulate 
the activities of your body, thus maintaining an internal steady 
state called homeostasis. 

I The lymphatic system returns excess body fluid to the 
circulatory system and functions as part of the immune 
system. 

J The immune system defends your body against infec- 
tions and cancer. 



K The nervous system coordinates your body's activities by 
detecting stimuli, integrating information, and directing the 
body's responses. 

L The reproductive system produces gametes and sex hor- 
mones. The female system supports a developing embryo and 
produces milk. 

The ability to perform life's functions emerges from the 
organization and coordination of all the body's organ sys- 
tems. Indeed, the whole is greater than the sum of its parts. 

? Which two organ systems are most directly involved in 
regulating all other systems? 
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CHAPTER 



Reviewing the Concepts 

Structure and Function in Animal 
Tissues (10.1-10.6) 

10.1 Structure fits function at all levels of 
organization in the animal body. 

10.2 Tissues are groups of cells with a 
common structure and function. 




10.3 Epithelial tissue 
covers the body and 
lines its organs and 
cavities. 



Sheets of closely 
packed cells 




Columnar epithelium 



Organs and Organ Systems 
(10.7-10.8) 

10.7 Organs are made up of tissues. 

10.8 Organ systems work together to per- 
form life's functions. The integumentary 

system covers the body. Skeletal and muscular systems support 
and move it. The digestive and respiratory systems obtain food 
and oxygen, respectively, and the circulatory system transports 
these materials. The urinary system disposes of wastes, and the 
immune and lymphatic systems protect the body from infection. 
The nervous and endocrine systems control and coordinate body 
functions. The reproductive system produces offspring. 

Connecting the Concepts 

1. There are several key concepts introduced in this chapter: 
Structure correlates with function; an animals body has a hier- 
archy of organization with emergent properties at each level; 
and complex bodies have structural adaptations that increase 
surface area for exchange. Label the tissue layers shown in this 
section of the small intestine, and describe how this diagram 
illustrates these three concepts. 



10.4 Connective tissue 
binds and supports 
other tissues. 



Sparse cells in extra- 
cellular matrix 




Loose connective tissue 



10.5 Muscle tissue 
functions in 
movement. 



Long cells (fibers) 
with contractile 
proteins 



Skeletal muscle 



10.6 Nervous tissue 
forms a communication 
network. 



Neurons with 
branching extensions; 
supporting cells 




Neuron 




Testing Your Knowledge 
Multiple Choice 

2. The cells in the human body are in contact with an internal 
environment consisting of 



a. blood. 

b. connective tissue. 

c. interstitial fluid. 



d. matrix. 

e. mucous membranes. 



3. Which of the following body systems facilitates (but doesn't 
regulate) the functions of the other systems? 

a. respiratory system 

b. - endocrine system 

c. digestive system 

d. urinary system 

e. circulatory system 

Matching (Terms in the right-hand column may be used 
more than once.) 



Closely packed cells covering 
a surface 



a. connective tissue 

b. muscle tissue 



9. 
10. 
11. 
12. 



Neurons 

Adipose tissue, blood, and cartilage 
May be simple or stratified 
Scattered cells embedded in matrix 
Senses stimuli and transmits signals 
Cells are called fibers 

Cells may be squamous, cuboidal, or columnar 
Skeletal, cardiac, or smooth 



c. nervous tissue 

d. epithelial tissue 



Describing, Comparing^ and Explaining . 

13. Briefly explain how the structure of each of these tissues is well 
suited to its function: stratified squamous epithelium in the 
skin, neurons in the brain, simple squamous epithelium lining 
the lung, bone in the skull. 

14. Describe ways in which the bodies of complex animals are 
structured for exchanging materials with the environment. 
Do all animals share such features? 

Applying the Concepts 

15. Suppose at the end of a hard run on a hot day you find that there 
are no drinks left in the cooler. If, out of desperation, you dunk 
your head into the cooler, how might the ice-cold water affect 
the rate at which your body temperature returns to normal? 

Answers to all questions can be found in Appendix 1. 



CHAPTER 



1 Nutrition 
I and Digestion 



BIG IDEAS 




Obtaining 
and Processing Food 

(11.1-11.3) 

Animals ingest food, digest it 
in specialized compartments, 
absorb nutrients, and 
eliminate wastes. 




The Human Digestive System 

(11.4) 

Food is processed sequentially in 
the mouth, stomach, and small 
intestine, where nutrients are 
absorbed. 




Nutrition 

(11.5-11.8) 

A healthy diet fuels activities, 

provides organic building 
blocks, and provides nutrients 
a body cannot manufacture. 
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Obtaining and Processing Food 



ll.l Animals obtain and ingest their food in a variety of ways 



All animals eat other organisms— dead or alive, whole or by 
the piece. In general, animals fall into one of three dietary 
categories. Herbivores, such as cattle, gorillas, sea urchins, 
and snails, eat mainly autotrophs— plants and algae. 
Carnivores, such as lions, hawks, spiders, and whales, mostly 
eat other animals. Animals that consume both plants and 
animals are called omnivores (from the Latin omni, all, and 

vonts, devouring). 
Omnivores include 
humans, as well as 
crows, cockroaches, 
and raccoons. 

Several types 
of feeding mecha- 
nisms have 
developed among 
animals. Many 
aquatic animals are 
suspension feeders, 
which sift small 
organisms or food 
particles from 
water. For example, 
humpback whales 
use comb-like plates 
called baleen to 
strain krill and 
small fish from the 
enormous volumes 
of water they take 
into their mouths. 
Clams and oysters 
• are also suspension 
feeders. A film of 
mucus on their gills 
. ; traps tiny morsels • 
suspended in the 
water, and cilia on 
the gills sweep the 
food to the mouth. 
Figure 11.1A 
shows the feathery 
tentacles of a 
suspension-feeding 
tube worm. 

Substrate 
feeders live in 
or on their food 
source and eat their way through it. Figure 11.1B shows a leaf 
miner caterpillar, the larva of a moth. The dark spots on the 
leaf are a trail of feces that the caterpillar leaves in its wake. 
Other substrate feeders include maggots (fly larvae), which 
burrow into animal carcasses, and earthworms, which eat their 




A Figure 11.1A A suspension 
feeder: a tube worm filtering food 
through its tentacles 




A Figure 11.1B A substrate feeder: a 
caterpillar eating its way through the soft 
tissues inside an oak leaf 




A Figure 11.1C A fluid feeder: 
a mosquito sucking blood 



way through soil, digesting partially decayed organic material 
and helping to aerate and fertilize the soil as they go. 

Fluid feeders suck nutrient-rich fluids from a living host. 
Aphids, for example, tap into the sugary sap in plants. 
Bloodsuckers, such as 
mosquitoes and 
ticks, pierce animals 
with needlelike 
mouthparts. The 
female mosquito in 
Figure 11.1C has just 
filled her abdomen 
with a meal of human 
blood. (Only female 
mosquitoes suck 
blood; males live on 
plant nectar.) In contrast to such parasitic fluid feeders, 
some fluid feeders actually benefit their hosts. For example, 
hummingbirds and bees move pollen between flowers as they 
fluid-feed on nectar. 

Rather than filtering food from water, eating their way 
through a substrate, or sucking fluids from other animals or 
plants, most animals are bulk feeders, meaning they ingest 
large pieces of food. Figure 11.1D shows a gray heron prepar- 
ing to swallow its prey whole. A bulk feeder may use such 
utensils as tentacles, pincers, claws, poisonous fangs, or jaws 
and teeth to kill its prey or to tear off pieces of meat or vegeta- 
tion. Whatever the type of food or feeding mechanism, the 
processing of food involves four stages, as we see next. 

? Ring-tailed lemurs eat fruit, leaves, insects, and even small 
birds. Name their diet category and type of feeding mechanism. 
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A Figure 11.1D A bulk feeder: a gray heron preparing to swallow a 
fish headfirst 
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11.2 Overview: Food processing occurs in four stages 



So far we have discussed what animals eat and how they feed. 
As shown in Figure 11.2A, ingestion, the act of eating, is 
only the first of four main stages of food processing. The sec- 
ond stage, H digestion, is the breaking down of food into 
molecules small enough for the body to absorb. Digestion 
typically occurs in two phases. First, food may be mechani- 
cally broken into smaller pieces. In animals with teeth, the 
process of chewing or tearing breaks large chunks of food 
into smaller ones. The second phase of digestion is the chem- 
ical breakdown process called hydrolysis. Catalyzed by spe- 
cific enzymes, hydrolysis breaks the chemical bonds in food 
molecules by adding water to them (see Module 2.3). 

Most of the organic matter in food consists of proteins, 
fats, and carbohydrates-— all large molecules. Animals cannot 
use these materials directly for two reasons. First, these 
molecules are too large to pass through plasma membranes 
into the cells. Second, an animal needs small components 
to make the molecules of its own body. Most food molecules, 
for instance, the proteins in the cat's food shown in the 
figure below, are different from those that make up an 
animal's body. 

All organisms use the same building blocks to make their 
macromolecules. For instance, cats, caterpillars, and humans 
all make their proteins from the same 20 amino acids. Diges- 
tion breaks the polymers in food into monomers. As shown 
in Figure 11.2B, proteins are split into amino acids, polysac- 
charides and disaccharides are broken down into mono- 
saccharides, and nucleic acids are split into nucleotides (and 
their components). Fats are not polymers, but they are split 
into their components, glycerol and fatty acids. The animal 
can then use these small molecules to make the specific large 
molecules it needs (see Module 5.9). 

In the third stage of food processing, f| absorption, the 
cells lining the digestive tract take up, or absorb, the prod- 
ucts of digestion— small molecules such as amino acids and 
simple sugars. From the digestive tract, these nutrients 
travel in the blood to body cells, where they are used to';- - 
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A Figure 11.2B Chemical digestion: the breakdown of large organic 
molecules to their components 



build a cell's large molecules or broken down further to 
provide energy. In an animal that eats much more than its 
body immediately uses, many of the nutrient molecules are 
converted to fat for storage. In the fourth and last stage of 
food processing; © elimination, undigested material passes 
• outdf the.digestive -tract, "'-v • ■ • \ ■ '- - '• 

How can an animal digest food without digest- 
ing its own cells and tissues? After all, digestive 
enzymes hydrolyze the same biological mol- 
ecules that animals are made of— and it is 
obviously important to avoid digesting 
ourselves! The developmental adaptation 
found in most animal species is the 
chemical digestion of food within spe- 
cialized compartments. We discuss 
digestive compartments in the next 
Wft module. 




Undigested 
material 



Hp Ingestion ©> Digestion 
A Figure 11.2A The four main stages of food processing 



'€? Absorption 



Elimination 



What are the two typical 
phases of digestion? 
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11.3 Digestion occurs in specialized compartments 



The simplest type of digestive compartment is a food vacuole, 
in which digestion occurs within a cell. After a cell engulfs 
a food particle, the newly formed food vacuole fuses with a 
lysosome containing hydrolytic enzymes (see Module 3.9). 
This type of digestion is common in single-celled protists, but 
sponges are the only animals that digest their food entirely in 
food vacuoles. In contrast, most animals have a digestive 
compartment that is surrounded by, rather than within, body 
cells. Such compartments enable an animal to devour much 
larger pieces of food than could fit in a food vacuole. 

Simpler animals such as cnidarians and flatworms have a 
gastrovascular cavity, a digestive compartment with a single 
opening, the mouth. Figure 11.3A shows a hydra digesting a 
water flea, which it has captured with its tentacles and stuffed 
into its mouth. Q Gland cells lining the gastrovascular cavity 
secrete digestive enzymes that Q break down the food into 
smaller particles. © Other cells engulf these small food 
particles, and Q digestion is completed in food vacuoles. 
Undigested material is expelled through the mouth. 

Most animals have an alimentary canal, a digestive tract 
with two openings, a mouth and an anus. Because food 
moves in one direction, specialized regions of the tube can 
carry out digestion and absorption of nutrients in sequence. 

Food entering the mouth usually passes into the pharynx, 
or throat. Depending on the species, the esophagus may chan- 
nel food to a crop, gizzard, or stomach. A crop is a pouch-like 
organ in which food is softened and stored. Stomachs and 
gizzards may also store food temporarily, but they are more 
muscular and they churn and grind the food. Chemical diges- 
tion and nutrient absorption occur mainly in the intestine. 
Undigested materials are expelled through the anus. 

Figure 11.3B illustrates three examples of alimentary 
canals. The digestive tract of an earthworm includes a muscu- 
lar pharynx that sucks food in through the mouth. Food 
passes through the esophagus and is stored in the crop. 
Mechanical digestion takes place in the muscular gizzard, 
which pulverizesfood with the- aid of small bits of sand and 
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A Figure 11.3B Three examples of alimentary canals. 
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gravel. Chemical digestion and absorption occur in the intes- 
tine, and undigested material is expelled through the anus. 
A grasshopper also has a crop where food is stored. Most 
digestion in a grasshopper occurs in the midgut 
region, where projections called gastric pouches 
function in digestion and absorption. The 
hindgut mainly reabsorbs water and 
f] compacts wastes. Many birds have three 
>* separate chambers: a crop, a stomach, and 
a gravel-filled gizzard, in which food is 
pulverized. Chemical digestion and absorption 
occur in the intestine. 



? What is an advantage of an alimentary canal, 
compared to a gastrovascular cavity? 
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The Human Digestive System 
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11.4 The human digestive system consists of an alimentary canal 
and accessory glands 



As an introduction to our own digestive system, Figure 11.4 
illustrates the human alimentary canal and its accessory glands. 
The schematic diagram on the left gives you an overview of the 
sequence of the organs and the locations of the accessory 
glands. These glands—the salivary glands, gallbladder, liver, 
and pancreas — are labeled in blue on the figure. They secrete 
digestive juices that enter the alimentary canal through ducts. 

Food is ingested and chewed in the mouth, or oral cavity, 
and then pushed by the tongue into the pharynx. Once food 
is swallowed, muscles propel it through the alimentary canal 
by peristalsis, alternating waves of contraction and relaxation 
of the smooth muscles lining the canal. It is peristalsis that 
enables you to process and digest food even while lying 
down. After chewing a bite of food, it only takes 5-10 
seconds for it to pass from the pharynx down the esophagus 
and into your stomach. 



As shown in the enlargement, below right, muscular ring- 
like valves, called sphincters, regulate the passage of food 
into and out of the stomach. The sphincter controlling the 
passage out of the stomach works like a drawstring to close 
the stomach off, keeping food there for about 2-6 hours, long 
enough for stomach acids and enzymes to begin digestion. 
The final steps of digestion and nutrient absorption occur in 
the small intestine over a period of 5-6 hours. Undigested 
material moves slowly through the large intestine (taking 
12-24 hours), and feces are stored in the rectum and then 
expelled through the anus. 

9 By what process does food move from the pharynx to the 
stomach of an astronaut in the weightless environment of a 
space station? 
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A Figure 11.4 The human digestive system 
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11.5 Overview: An animal's diet must satisfy three needs 



All animals— whether herbivores like koalas, carnivores like 
coyotes, or omnivores like humans— have the same basic nutri- 
tional needs. All animals must obtain (1) fuel to power all body 
activities; (2) organic molecules to build the animal's own mol- 
ecules; and (3) essential nutrients, substances the animal can- 
not make for itself. 

We have seen that digestion dismantles the large molecules 
in food. Cells can then use the resulting small molecules for 
energy or assemble them into their own complex molecules— 



the proteins, carbohydrates, lipids, and nucleic acids needed to 
build and maintain cell structure and function. 

Eating too little food, too much food, or the wrong mixture 
of foods can endanger an animals health. Starting with the 
need for fuel and paying particular attention to humans, we 
discuss basic nutritional needs in the rest of this chapter. 

*> What are the three needs that an adequate diet fills? 
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11.6 Chemical energy powers the body 

It takes energy to read this book. It also takes energy to digest 
your snack, walk to class, and perform all the other activities of 
your body. Cellular respiration produces the body's energy 
currency, ATP, by oxidizing organic molecules obtained from 
food (see Chapter 5). Usually, cells use carbohydrates and fats 
as fuel sources. Fats are especially rich in energy: The oxidation 
of a gram of fat liberates more than twice the energy liberated 
from a gram of carbohydrate or protein. The energy content 
of food is measured in kilocalories (1 kcal = 1,000 calories). 
The calories listed on food labels or referred to in regard to 
nutrition are actually kilocalories and are often written as 
Calories (capital C). 

The rate of energy consumption by an animal is called 
its metabolic rate. It is the sum of all the energy used by 
biochemical reactions over a given time interval. Cellular 
metabolism must continuously drive several processes for 
an animal to remain alive. These include cell maintenance, 
breathing, the beating of the heart, and, in birds and mam- 
mals, the maintenance of body temperature. The number of- 
kilocalories a resting animal requires to fuel these essential 
processes for a given time is called the basal metabolic rate . 
,(BMR). The BMR. .for humans averages J ,300.' ; 1 ,500 kcal .per .. • 
day for adult females and about 1,600-1,800 kcai per day for 
adult males. This is about equivalent to the rate of energy 
use by a 75-watt light bulb. But this is only a basal (base) 



rate— the amount of energy you "burn" lying motionless. Any 
activity, even working at your desk, consumes kilocalories in 
addition to the BMR. The more active you are, the greater 
your actual metabolic rate and the greater the number of 
kilocalories your body uses per day. 

Table 11.6 gives you an idea of the amount of activity it 
takes for a 68-kg (150-pound) person to use up the kilocalories 
contained in several common foods. What happens when you 
take in more Calories than you use? Rather than discarding the 
extra energy, your cells store it in various forms. Your liver and 
muscles store energy in the form of glycogen, a polymer of 
glucose molecules. Most of us store enough glycogen to supply 
about a day's worth of basal metabolism. Your body also stores 
excess energy as fat. This happens even if your diet contains 
little fat because the liver converts excess carbohydrates and 
proteins to fat. The average humans energy needs can be 
fueled by the oxidation of only 0.3 kg of fat per day. Most 
healthy people have enough stored fat to sustain them through 
several weeks of starvation. Let's consider the essential 
nutrients that must be supplied in the diet. 

_ . *> What is the difference between metabolic rate and basal 
'-' metabolic rate? ' ' 
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TABLE 11.6 



EXERCISE REQUIRED TO "BURN" THE CALORIES (KCAL) IN COMMON FOODS 



Speed of exercise 
kcal "burned" per hour 



Cheeseburger (quarter-pound), 417 kcal 
Pepperoni pizza (1 large slice), 280 kcal 
Non-diet soft drink (12 oz), 152 kcal 
Whole wheat bread (1 slice), 65 kcai 



Jogging 



Swimming 



Walking 



9 min/mi 
775 



30 min/mi 
408 



32 min 
22 min 
12 min 
5 min 



1 hr, 1 min 
42 min 
22 min 
10 min 



20 min/mi 
245 



1 hr, 42 min 
1 hr, 8 min 
37 min 
16 min 



These data are for a person weighing 68 kg (150 pounds). 
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11-7 An animal's diet must supply essential nutrients 



Besides providing fuel and organic raw materials, an 
animal's diet must also supply essential nutrients. These 
are materials that must be obtained in preassembled form 
because the animals cells cannot make them from any raw 
material. Some nutrients are essential for all animals, 
whereas others are needed only by certain species. For 
example, vitamin C is an essential nutrient for humans and 
other primates, guinea pigs, and some birds and snakes, but 
most animals can make vitamin C as needed. There are four 
classes of essential nutrients: essential fatty acids, essential 
amino acids, vitamins, and minerals. 

Our cells make fats and other lipids by 
combining fatty acids with other molecules, such as glycerol 
(see Module 2.7). We can make most of the fatty acids we need. 
Those we cannot make, called essential fatty acids, must be 
obtained from our diet. One essential fart)' acid, linoleic acid, is 
especially important because it is needed to make some of the 
phospholipids of cell membranes. Because seeds, grains, and 
vegetables generally provide ample amounts of essential fatty 
acids, deficiencies are rare. 



Essential amino acids 




Tryptophan 
Lysine 



Beans 
and other legumes 




A Figure 11.7 Essential amino acids from a vegetarian diet 



; ; - Proteins are built from 20 different 

kinds of amino acids. Adult humans can make 12 of these 
amino acids from other compounds. The remaining eight, 
known as the essential amino acids, must be obtained from 
the diet. Infants also require a ninth, histidine. A deficiency of 
a single essential amino acid impairs protein synthesis and can 
lead to protein deficiency. 

The simplest way to get all the essential amino acids is 
to eat meat and animal by-products such as eggs, milk, and 
cheese. The proteins in these products are said to be "com- 
plete," meaning they provide all the essential amino acids 
in the proportions needed by the human body. In contrast, 
most plant proteins are "incomplete," or deficient in one or 
more essential amino acids. If you are vegetarian (by choice, 
or, as for much of the worlds population, by economic 
necessity), the key to good nutrition is to eat a varied diet 
of plant proteins that together supply sufficient quantities of 
all the essential amino acids. 

Simply by eating a combination of beans and corn, for 
example, vegetarians can get all the essential amino acids 
(Figure 11.7). The combination of a legume (such as beans, 
peanuts, or soybeans) and a grain often provides the right 
balance. Most societies have, by trial and error, developed 
balanced diets that prevent protein deficiency. The Latin 
American staple of rice and beans is an example. 

A diet that is chronically deficient 
in calories or lacks one or more essential nutrients results 
in malnutrition. Failing to obtain adequate nutrition 
can have serious health consequences. 

Living in a country where food is plentiful 
and most people can afford it, you may find it 
hard to relate to starvation. But more than 
1 billion people in the world do not have 
enough to eat, and an estimated 4.5 million 
die of hunger each year, most of them 
children. Undernutrition; which occurs 
'when diets do not supply sufficient chemical 
energy, may occur when food supplies are 
disrupted by drought, wars, or other crises 
and when severe poverty prevents people from 
obtaining sufficient food. 

The most common type of human malnutrition 
is protein deficiency resulting from a diet that must 
depend on a single plant staple— just corn, rice, or potatoes, 
for instance. Protein deficiency often begins when a child's 
diet shifts from breast milk alone to food that is mostly 
starch or other carbohydrates. Such children, if they 
survive infancy, often have impaired physical and mental 
development. 
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Depending on food availability and choices, it is even pos- 
sible for an overnourished (obese) individual to be 
malnourished. For example, malnutrition can result from a 
steady diet of junk food, which offers little nutritional value. 

Another cause of undernutrition is anorexia nervosa, 
an eating disorder in which individuals, most often females, 
starve themselves compulsively, in response to an intense 
fear of gaining weight. Bulemia is a pattern of binge eating 
followed by purging through induced vomiting, abuse 



of laxatives, or excessive exercise. Both disorders are serious 
health problems and can even lead to death. 

In the next module, we continue our look at essential 
nutrients— this time vitamins and minerals. 

1 Look carefully at Figure 1 1 .7. A diet consisting strictly of 
corn would probably result in a deficiency of which essential 
amino acids? 



11.8 A healthy human diet includes 13 vitamins and many essential minerals 



A vitamin is an organic nutrient required in your diet, but 
only in very small amounts. For example, 1 tablespoon of 
vitamin B 12 could provide the daily requirement for nearly 
a million people. Depending on the vitamin, the required 
daily amount ranges from about 0.01 to 100 mg. To help you 
imagine how small these amounts are, consider that a small 
peanut weighs about 1 g, so 100 mg would be one-tenth 
of a small peanut. And some vitamin requirements are 
one-ten-thousandth of that! 

Table 11.8A lists 13 essential vitamins and their major di- 
etary sources. As you can see from the functions in the body 
and symptoms of deficiency listed in the table, vitamins are 
absolutely necessary to your health — helping to keep your 
skin healthy, your nervous system in good working order, 
and your vision clear, among dozens of other actions. 

Vitamins are classified as water-soluble or fat-soluble. 
Water-soluble vitamins include the B vitamins and vitamin 
C. Many B vitamins function in the body as coenzymes, 
enabling the catalytic functions of enzymes that are used 
over and over in metabolic reactions. Vitamin C is required 
in the production of connective tissue. 

Fat-soluble vitamins include vitamins A, D, E, and K. 
Vitamin A is a component of the visual pigments in your 
eyes. Among populations subsisting on simple rice diets', ' 
people are often afflicted with vifa'min A deficiency, which ' 
can cause blindness or death. Vitamin D aids in calcium 
absorption and bone formation. Your dietary requirement 
for vitamin D is variable because you synthesize this vita- 
min from other molecules when your skin is exposed to 
sunlight. Vitamin E functions as an antioxidant that helps 
prevent damage to your cells. Vitamin K is necessary for 
proper blood clotting. 

Minerals are simple inorganic nutrients, also required in 
small amounts— from less than 1 mg to about 2,500 mg per 
day. Table 11.8B, on the facing page, lists your daily mineral re- 
quirements. As you can see from the table, you need the first 
seven minerals in amounts greater than 200 mg per day (about 



two-tenths of that small peanut). You need the rest in much 
smaller quantities. The table includes the dietary sources for 
each mineral, and lists the functions and the symptoms of defi- 
ciency for most of these minerals. 

Along with other vertebrates, we humans require relatively 
large amounts of calcium and phosphorus to construct and 
maintain our skeleton. Too little calcium, especially before the 
age of 30, can result in the degenerative bone disease osteo- 
porosis. Calcium is also necessary for the normal functioning 
of nerves and muscles, and phosphorus is an ingredient of ATP 
and nucleic acids. 

Iron is a component of hemoglobin, the oxygen-carrying 
protein found in your red blood cells. Vertebrates need iodine 
to make thyroid hormones, which regulate metabolic rate. 
Worldwide, iodine deficiency is a serious human health prob- 
lem and is ranked as the leading cause of preventable mental 
retardation. 

Sodium, potassium, and chlorine are important in nerve 
function and help maintain the osmotic balance of your cells. 
Most of us ingest far more salt (sodium chloride) than we 
need. The average U.S. citizen eats enough salt to provide 
about 20 times the required amount of sodium. Packaged 
(prepared) foods and most junk foods contain large amounts 
of sodium chloride, even if they don't taste very salty. Ingest- - 
ihg too rhiich sodium'has been associated' with high blood'' v "' : 
pressure and other health risks. 

A varied diet usually includes enough vitamins and min- 
erals and is considered the best source of these nutrients. 
Such diets meet the Recommended Dietary Allowances 
(RDAs), minimum amounts of nutrients that are needed 
each day, as determined by a national scientific panel. 
The U.S. Department of Agriculture makes specific recom- 
mendations for certain population groups, such as additional 
B 12 for people over age 50, folic acid for pregnant women, 
and extra vitamin D for people with dark skin (which blocks 
the synthesis of this vitamin) and for those exposed to 
insufficient sunlight. 
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TABLE 11.8A 



VITAMIN REQUIREMENTS OF HUMANS 



Vitamin 



Major Dietary Sources 



Functions in the Body 



Water-Soluble Vitamins 

Vitamin Bj^ (thiamine) 

Vitamin B 2 (riboflavin) 

Vitamin B 3 (niacin) 

Vitamin B 5 
(pantothenic acid) 

Vitamin B 6 (pyridoxine) 
Vitamin B 7 (biotin) 
Vitamin B 9 (folic acid) 
Vitamin B 12 (cobalamin) 
Vitamin C (ascorbic acid) 




Pork, legumes, peanuts, 
whole grains 

Dairy products, meats, 
enriched grains, vegetables 

Nuts, meats, grains 



Meats, dairy products, whole 
grains, fruits, vegetables ('''^:^\ 
Meats , vegetables , ? if?f'-A 

whole grains zli^Bs 
Legumes, other vegetables, meats 



Green vegetables, oranges, 
nuts, legumes, whole grains 

Meats, eggs, dairy products 

Citrus fruits, broccoli, , 
tomatoes 




Coenzyme used in removing 
C0 2 from organic compounds 

Component of coenzyme FAD 

Component of coenzymes NAD + 
and NADP + 

Component of coenzyme A 

Coenzyme used in amino 
acid metabolism 

Coenzyme in synthesis of fats, 
glycogen, and amino acids 

Coenzyme in nucleic acid 
and amino acid metabolism 

Production of nucleic acids and 
red blood cells 

Used in collagen synthesis; 
antioxidant 



Symptoms of Deficiency 



Beriberi (tingling, poor 
coordination, reduced heart 
function) 

Skin lesions, such as cracks 
at corners of mouth 

Skin and gastrointestinal 
lesions, delusions, confusion 

Fatigue, numbness, tingling 
of hands and feet 

Irritability, convulsions, 
muscular twitching, anemia 

Scaly skin inflammation, 
neuromuscular disorders 

Anemia, birth defects 

Anemia, numbness, loss of 
balance 

Scurvy (degeneration of skin, 
teeth), delayed wound healing 



Fat-Soluble Vitamins 

Vitamin A (retinol) 

Vitamin D 

Vitamin E (tocopherol) 
Vitamin K 



Dark green and orange 
vegetables and fruits, 
dairy products 

Dairy products, egg yolk 



Component of visual pigments; 
maintenance of epithelial tissues 

Aids in absorption and use of 
calcium and phosphorus 




Vegetable oils, nuts, o 
seeds 

Green vegetables, tea; also made 
by colon bacteria 



Antioxidant; helps prevent 
damage to cell membranes 

Important in blood clotting 



Blindness, skin disorders, 
impaired immunity 

Rickets (bone deformities) in 
children; bone softening in 
adults 

Nervous system degeneration 
Defective blood clotting 



TABLE 11.8B 



MINERAL REQUIREMENTS OF HUMANS 



Mineral' 



Dietary Sources 



Functions in the Body 



o 
o 

OJ 
c 



' Calcium (Ca) 

Phosphorus (P) 

Sulfur (S) 
Potassium (K) 



Chlorine (CI) 



Sodium (Na) 



Magnesium (Mg) 



Iron (Fe) 



Fluorine (F) 
Iodine (I) 



Dairy products, dark green 
vegetables, legumes 

Dairy products, meats, grains 

Proteins from many sources 

Meats, dairy products, many 
fruits and vegetables, grains 

Table salt 



Table salt 

Whole grains, green leafy 
vegetables 

Meats, eggs, legumes, whole 
grains, green leafy vegetables 
Drinking water, tea, seafood 
Seafood, iodized salt 



. Bone and tooth. formation, blood . • • 
clotting, nerve and muscle function 

Bone and tooth formation, acid-base 
balance, nucleotide synthesis 

Component of certain amino acids 

Acid-base balance, water balance, 
nerve function 

Acid-base balance, water balance, 
nerve function, formation of 
gastric juice 

Acid-base balance, water balance, 
nerve function 

Enzyme cofactor; ATP bioenergetics 

Component of hemoglobin and of 
electron carriers; enzyme cofactor 

Maintenance of tooth structure 

Component of thyroid hormones 



Symptoms of Deficiency 

Impaired growttvloss otbone . • 
mass 

Weakness, loss of minerals from 
bone, calcium loss 

Impaired growth, fatigue, swelling 

Muscular weakness, paralysis, 
nausea, heart failure 

Muscle cramps, reduced appetite 



Muscle cramps, reduced appetite 

Nervous system disturbances 

Iron-deficiency anemia, weakness, 
impaired immunity 

Higher frequency of tooth decay 

Goiter (enlarged thyroid gland) 



♦Additional minerals required in trace amounts are chromium (Cr), cobalt (Co), copper (Cu), manganese (Mn),7noIybdenum 
these minerals, as well as those in the table, are harmful when consumed in excess. 



(Mo), selenium (Se), and zinc (Zn). All of 
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The subject of vitamin dosage has led to heated scientific 
and popular debate. Some people argue that RDAs are set too 
low, and some believe, probably mistakenly, that massive doses 
of vitamins confer health benefits. In general, any excess water- 
soluble vitamins consumed will be eliminated in urine. But 
high doses of niacin have been shown to cause liver damage, 
and large doses of vitamin C can result in gastrointestinal 
upset. Excessive amounts of fat-soluble vitamins accumulate in 
body fat. Thus, overdoses may have toxic effects. Excess vita- 
min A and K are both linked to liver damage. In addition to 
the dangers of high salt intake, excessive consumption of all the 
listed minerals may be harmful. For example, in some regions 
of Africa where the water supply is especially iron-rich, as 



much as 10% of the population have liver damage as a result of 
iron overload. 

Nevertheless, when we discuss health concerns relating 
to vitamins and minerals, most of the time we are con- 
cerned with deficiencies. Remember that a diet that doesn't 
include adequate quantities of fresh fruits and vegetables, 
either as a result of poor food choices or limited supplies or 
resources, is unlikely to provide the nutrients needed for 
good health. 

9 Which of the vitamins and minerals listed in these tables are 
involved with the formation or maintenance of bones and teeth? 
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CHAPTER 11 REVIEW 



Reviewing the Concepts 

Obtaining and Processing Food (11.1-11.3) 

11.1 Animals obtain and ingest their food in a variety of 
ways. Animals may be herbivores, carnivores, or omnivores 
and may obtain food by suspension, substrate, fluid, or bulk 
feeding. 

11.2 Overview: Food processing occurs in four stages. The stages 
are ingestion, digestion, absorption, and elimination. 

11.3 Digestion occurs in specialized compartments. Food may be 
digested in food vacuoles, gastrovascular cavities, or alimentary 
canals, which run from mouth to anus with specialized regions. 

The Human Digestive System (11.4) 

11.4 The human digestive system consists of 
an alimentary canal and accessory glands. 

The rhythmic muscle contractions of peristalsis 
squeeze food along the alimentary canal. 

Nutrition (11.5-11.8) 

11.5 Overview: An animal's diet must satisfy 
three needs. The'diet must prdvide-'chemical •' ' • 
energy, raw materials for biosynthesis, and essential nutrients. 

11.6 Chemical energy powers the body. Metabolic rate, the rate of 
energy consumption, includes the basal metabolic rate (BMR) 
plus the energy used for other activities. 

11.7 An animal's diet must supply essential nutrients. Essential 
fatty acids are easily obtained from the diet. The eight essential 
amino acids can be obtained from animal protein or the proper 
combination of plant foods. Malnutrition results from a diet lack- 
ing in sufficient calories or essential nutrients. 

11.8 A healthy human diet includes 13 vitamins and many es- 
sential minerals. Most vitamins function as coenzymes. Minerals 
are inorganic nutrients that play a variety of roles. A varied diet 
usually meets the RDAs for these nutrients. 




Connecting the Concepts 

1. Label the parts of the human digestive system below and indi- 
cate the functions of these organs and glands. 

2. Complete the following map summarizing the nutritional 
needs of animals that are met by a healthy diet. 
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A healthy 
diet 



.satisfies three needs 



(a) 




(b) 



(0 



needed to build 
\ / 



molecules 
of cells 



not enough 
leads to 



undernutrition 



I 

type of 
I 




which include 



essential 
fatty acids 



have many 
functions, 
such as 



(g) 



lack 
produces 



most common is 



protein 
deficiency 



- coenzymes, 
ion balances, 
nerve functions, 
bone structure 



Testing Your Knowledge 
Multiple Choice 

3. Earthworms, which are substrate feeders, 

a. feed mostly on mineral substrates. 

b. filter small organisms from the soil. 

c. are bulk feeders. 

d. are herbivores that eat autotrophs. 

e. eat their way through the soil, feeding on partially decayed 
organic matter. 

4. Which of the following statements is false? 

a. A healthy human has enough stored fat to supply calories 
for several weeks. 

b. An increase in leptin levels leads to an increase in appetite 
and weight gain. 

c. The interconversion of glucose and glycogen takes place in 
the liver. 

d. After glycogen stores are filled, excessive calories are stored 
as fat, regardless of their original food source. 

e. Carbohydrates and fats are normally used as fuel before 
proteins are used. 

5. Which of the following is mismatched with its function? 

a. most B vitamins — coenzymes 

b. vitamin E— antioxidant 

c. vitamin K— blood clotting 

d. iron— component of thyroid hormones 

e. phosphorus— bone formation, nucleotide synthesis 

6. Why is it necessary for healthy vegetarians to combine different 
plant foods or eat some eggs or milk products? 

a. to make sure they obtain sufficient calories 

b. to provide sufficient vitamins 

c. to make sure they ingest all essential fatty acids 

d. to make their diet more interesting 

e. to provide all essential amino acids for protein synthesis 



Answers to all questions can be found in Appendix 1. 



CHAPTER 




Gas Exchan 



BIG IDEAS 




Mechanisms of Gas 
Exchange 

(12.1-12.2) 

Gas exchange occurs across 
thin, moist surfaces in 
respiratory organs such as gills, 
tracheal systems, and lungs. 




The Human 
Respiratory System 

(12.3) 

Air travels through branching 
tubes to the lungs, where gases 
are exchanged with the blood. 




Transport of Gases in the 
Human Body 

(12.4-12.5) 

The circulatory system 
transports 2 to body tissues 
and returns C0 2 to the lungs. 



Mechanisms of Gas Exchange 
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12.1 Overview: Gas exchange in humans involves breathing, transport of gases, 
and exchange with body cells 




A Figure 12.1 The three phases of gas exchange in a human 



Gas exchange makes it possible for you to put to work the 
food molecules the digestive system provides. Figure 12.1 
presents an overview of the three phases of gas exchange in 
humans and other animals with lungs. Q Breathing: As you 
inhale, a large, moist internal surface is exposed to the air en- 
tering the lungs. Oxygen (0 2 ) diffuses across the cells lining 
the lungs and into surrounding blood vessels. At the same 
time, carbon dioxide (C0 2 ) diffuses from the blood into the 
lungs. As you exhale, C0 2 leaves your body. 

© Transport of gases by the circulatory system: The 2 that 
diffused into the blood attaches to hemoglobin in red blood 
cells. The red vessels in the figure are transporting 6 2 -rich 
blood from the lungs to capillaries in the body's tissues. C0 2 is 
also transported in blood, from the tissues back to the lungs, 
carried in the blue vessels shown here. 

© Exchange of gases with body cells: Your cells take up 2 
from the blood and release C0 2 to the blood. As you learned in 
Chapter 5, 2 functions in cellular respiration in the mitochon- 
dria as the final electron acceptor in the stepwise breakdown of 
fuel molecules. H 2 and C0 2 are waste products, and ATP is 
produced that will power cellular work. The gas exchange 
occurring as we breathe is often called respiration; do not 
confuse this exchange with cellular respiration. 

Cellular respiration requires a continuous supply of 2 and 
the disposal of C0 2 . Gas exchange involves both the respira- 
tory and circulatory systems in servicing your body's cells. 

9 Humans cannot survive for more than a few minutes without 
2 . Why? 
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; Xmrhafs exchange 2 and Cd 2 across moist body surfaces 



The part of an animal's body where gas exchange with the envi- 
ronment occurs is called the respiratory surface. Respiratory 
surfaces are made up of living cells, and like all cells, their 
plasma membranes must be wet to function properly. Thus, 
respiratory surfaces are always moist. 

Gas exchange takes place by diffusion. The surface area of 
the respiratory surface must be large enough to take up suffi- 
cient 2 for every cell in the body. Usually, a single layer of cells 
forms the respiratory surface. This thin, moist layer allows 2 to 
diffuse rapidly into the circulatory system or directly into body 
tissues and also allows C0 2 to diffuse out. 

The four figures on the next page illustrate, in simplified 
form, four types of respiratory organs, structures in which gas 
exchange with the external environment occurs. In each of 



these figures, the circle represents a cross section of the animal's 
body through the respiratory surface. The yellow areas repre- 
sent the respiratory surfaces; the green outer circles represent 
body surfaces with little or no role in gas exchange. The boxed 
enlargements show gas exchange oc>_ ; rring across the respira- 
tory surface. 

Some animals use their entire outer skin as a gas exchange 
organ. The earthworm in Figure 12.2A is an example. The 
cross-sectional diagram shows its whole body surface as 
yellow; there are no specialized gas exchange surfaces. Oxygen 
diffuses into a dense network of thin-walled capillaries lying 
just beneath the skin. Earthworms and other skin-breathers 
must live in damp places or in water because their whole body 
surface has to stay moist. Animals that breathe only through 





their skin are generally small, and many are long and thin or 
flattened. These shapes provide a high ratio of respiratory sur- 
face to body volume, allowing for sufficient gas exchange for all • 
the cells in the body. 

. ■ . In most animals, the skin surface is not extensive enough to 
exchange gases' for-the whole body. Consequently, certain parts 
of the body have become adapted as highly branched respira- 
tory surfaces with large surface areas. Such gas exchange 
organs include gills, tracheal systems, and lungs. 

Gills have developed in most aquatic animals. Gills are 
extensions, or outfoldings, of the body surface specialized 
for gas exchange. Many marine worms have flap-like gills that 
extend from each body segment. The gills of clams and crayfish 
are clustered in one body location. A fish (Figure 12.2B) has a 
set of feather-like gills on each side of its head. As indicated in 
the enlargement, gases diffuse across the gill surface between 
the water and the blood. Because the respiratory surfaces of 
aquatic animals extend into the surrounding water, keeping the 
surface moist is not a problem. 

In most terrestrial animals, the respiratory surface is folded 
into the body rather than projecting from it. The infolded 
surface opens to the air only through narrow tubes, an 



arrangement that helps retain the moisture that is essential for 
the cells of the respiratory surfaces to function. 

The tracheal system of insects (Figure 12.2C) is an exten- 
sive system of branching internal tubes called tracheae, with a 
moist, thin epithelium forming the respiratory" surface at their 
tips. The 'smalle'st branches exchange gases directly with body 1 ' 
cells. Thus, gas exchange in insects requires no assistance from 
the circulatory system. 

Most terrestrial vertebrates have lungs (Figure 12.2D), 
which are internal sacs lined with moist epithelium. As the 
diagram indicates, the inner surfaces of the lungs are exten- 
sively subdivided, forming a large respiratory surface. Gases 
are carried between the lungs and the body cells by the circu- 
latory system. 



? How does the structure of the respiratory surface of a gill or 
lung fit its function? 
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he Human Respiratory System 



12.3 In mammals, branching tubes convey air to lungs located in the chest cavity 



As in all mammals, your lungs are located in your chest, or 
thoracic cavity, and are protected by the supportive rib cage. 
The thoracic cavity is separated from the abdominal cavity by 
a sheet of muscle called the diaphragm. 

Figure 12.3A shows the human respiratory system (along 
with the esophagus and heart, for orientation). Air enters your 
respiratory system through the nostrils. It is filtered by hairs and 
warmed, humidified, and sampled for odors as it flows through 
a maze of spaces in the nasal cavity. You can also draw in air 
through your mouth, but mouth breathing does not allow the air 
to be processed by your nasal cavity. 

From the nasal cavity or mouth, air passes to the pharynx, 
where the paths for air and food cross. As you will remember 
from the previous chapter, when you swallow food, the larynx 
(the upper part of the respiratory tract) moves upward and 
tips the epiglottis over the opening of your trachea, or wind- 
pipe (see Figure 1 1.6A). The rest of the time, the air passage in 
the pharynx is open for breathing. 

The larynx is often called the voice box. When you exhale, 
the outgoing air rushes by a pair of vocal cords in the larynx, 
and you can produce sounds by voluntarily tensing muscles 
that stretch the cords so they vibrate. You produce high- 
pitched sounds when your vocal cords are tightly stretched and 
vibrating very fast. When the cords are less tense, they vibrate 
slowly and produce low-pitched sounds. 

From the larynx, air passes into your trachea. Rings of car- 
tilage (shown in the figure in blue) reinforce the walls of the 
larynx and trachea, keeping this part of the airway open. The 
trachea forks into two bronchi (singular, bronchus), one lead- 
ing to each lung. Within the lung, the bronchus branches 
repeatedly into finer and finer tubes called bronchioles. 



Bronchitis is a condition in which these small tubes become 
inflamed and constricted, making breathing difficult. 

As the enlargement on the right of Figure 12.3 A shows, the 
bronchioles dead-end in grapelike clusters of air sacs called 
alveoli (singular, alveolus). Each of your lungs contains millions 
of these tiny sacs. Together they have a surface area of about 
100 m 2 , 50 times that of your skin. The inner surface of each 
alveolus is lined with a thin layer of epithelial cells. The 2 in 
inhaled air dissolves in a film of moisture on the epithelial cells. 
It then diffuses across the epithelium and into the dense web of 
blood capillaries that surrounds each alveolus. Figure 12.3B is a 
scanning electron micrograph showing the network of capillaries 
enclosing the alveoli. (The alveoli in this micrograph appear as 
empty spaces because the blood vessels were injected with a so- 
lution that hardened to form casts of the capillaries, and the tis- 
sues of the alveoli were then dissolved.) This close association 
between capillaries and alveoli also enables C0 2 to diffuse the 
opposite way— from the capillaries, across the epithelium of the 
alveolus, into the air space, and finally out in the exhaled air. 




A Figure 12.3B A colorized electron micrograph showing the net- 
work of capillaries that surround the alveoli in the lung 
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The major branches of your respiratory system are lined by 
a moist epithelium covered by cilia and a thin film of mucus. 
The cilia and mucus are the respiratory system's cleaning 
system. The beating cilia move mucus with trapped dust, 
pollen, and other contaminants upward to the pharynx, 
where it is usually swallowed. 

Respiratory Problems Alveoli are so small that specialized 
secretions called surfactants are required to keep them from 
sticking shut from the surface tension of their moist surface. 
Respiratory distress syndrome due to a lack of lung surfactant 
is a common disease seen in babies born 6 weeks or more be- 
fore their due dates. Surfactants typically appear in the lungs 
after 33 weeks of embryonic development; birth normally oc- 
curs at 38 weeks. Artificial surfactants are now administered 
through a breathing tube to treat such preterm infants. 

Alveoli are highly susceptible to airborne contaminants. 
Defensive white blood cells patrol them and engulf foreign 
particles. However, if too much particulate matter reaches the 



alveoli, the delicate lining of these small sacs becomes damaged 
and the efficiency of gas exchange drops. Studies have shown a 
significant association between exposure to fine particles and 
premature death. Air pollution and tobacco smoke are two 
sources of these lung-damaging particles. 

Exposure to such pollutants can cause continual irritation 
and inflammation of the lungs and lead to chronic obstructive 
pulmonary disease (COPD). COPD includes two main condi- 
tions: emphysema and chronic bronchitis. In emphysema, the 
delicate walls of alveoli become permanently damaged and the 
lungs lose the elasticity that helps expel air during exhalation. 
With COPD, both lung ventilation and gas exchange are 
severely impaired. Patients experience labored breathing, 
coughing, and frequent lung infections. COPD is a major 
cause of disability and death in the United States. 

O How does the structure of alveoli match their function? 
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Transport of Gases in the Human Body 



12.4 Blood transports respiratory gases 

How does oxygen get from your lungs to all the other tissues in 
your body, and how does carbon dioxide travel from the tissues 
to your lungs? To answer these questions, we must jump ahead 
a bit to the subject of Chapter 13 and look at the basic organi- 
zation of the human circulatory system. 

Figure 12.4 is a diagram showing the main components of 
your circulatory system and their roles in gas exchange. Let's 
start with the heart, in the middle of the diagram. One side of 
the heart handles oxygen-poor blood (colored blue). The other 
side handles oxygen-rich blood (red). As indicated in the lower 
left of the diagram, oxygen-poor blood returns to the heart 
from capillaries in body tissues. The heart pumps this blood 
to the alveolar capillaries in the lungs. Gases are exchanged 
between air in the alveoli and blood in the capillaries (top of 
diagramj. Blood that has lost C0 2 and gained 2 returns to 
the heart and is then pumped out to body tissues. 
•' The exchange of gases ; between capillaries and the cells 
around them occurs By the diffusion ofgiiSesdciwn gradients" '"' '- : 
of pressure. A mixture of gases, such as air, exerts pressure. You 
see evidence of gas pressure whenever you open a can of soda, 
releasing the pressure of the C0 2 it contains. Each kind of gas 
in a mixture accounts for a portion of the total pressure of the 
mixture. Thus, each gas has what is called a partial pressure. 
Molecules of each kind of gas will diffuse down a gradient of 
their own partial pressure independently of the other gases. At 
the bottom of the figure, for instance, 2 moves from oxygen- 
rich blood, through the interstitial fluid, and into tissue cells 
because it diffuses from a region of higher partial pressure to a 
region of lower partial pressure. The tissue cells maintain this 
gradient as they consume 2 in cellular respiration. The C0 2 
produced as a waste product of cellular respiration diffuses 
down its own partial pressure gradient out of tissue cells and 
into the capillaries. Diffusion down partial pressure gradients 
also accounts for gas exchange in the alveoli. 

*> What is the physical process underlying gas exchange? 
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12.5 Hemoglobin carries 2 , helps transport C0 2 , and buffers the blood 



Oxygen is not highly soluble in water, and most animals trans- 
port 2 bound to proteins called respiratory pigments. These 
molecules have distinctive colors, hence the name pigment. 
Many molluscs and arthropods use a blue, copper-containing 
pigment. Almost all vertebrates and many invertebrates use 
hemoglobin, an iron-containing pigment that turns red when 
it binds 2 . 

Each of your red blood cells is packed with about 250 million 
molecules of hemoglobin. A hemoglobin molecule consists 
of four polypeptide chains of two different types, depicted 
with two shades of purple in Figure 12.5. Attached to each 
polypeptide is a chemical group called a heme (colored blue in 
the figure), at the center of which is an iron atom (black). Each 
iron atom binds one 2 molecule. Thus, every hemoglobin 
molecule can carry up to four 2 molecules. Hemoglobin loads 
up with 2 in the lungs and transports it to the body's tissues. 
There, hemoglobin unloads some or all of its cargo, depending 

Iron atom 
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v Heme group 
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A Figure 12.5 Hemoglobin loading and unloading 2 




on the 2 needs of the cells. The partial pressure of 2 in the 
tissue reflects how much 2 the cells are using and determines 
how much 2 is unloaded. 

Hemoglobin is a multipurpose molecule. It also helps trans- 
port C0 2 and assists in buffering the blood. Most of the C0 2 
that diffuses from tissue cells into a capillary enters red blood 
cells, where some of it combines with hemoglobin. The rest 
reacts with water, forming carbonic acid (H 2 C0 3 ), which then 
breaks apart into a hydrogen ion (H + ) and a bicarbonate ion 
(HC0 3 "). This reversible reaction is shown below: 



C0 2 + 

Carbon 
dioxide 



H 2 
Water 



H 2 C0 3 

Carbonic 
acid 



- H + + HCOJ 

Hydrogen Bicarbonate 



Hemoglobin binds most of the H + produced by this 
reaction, minimizing the change in blood pH. The 
bicarbonate ions diffuse into the plasma, where they are 
carried to the lungs. 

As blood flows through capillaries in the lungs, the reaction 
is reversed. Bicarbonate ions combine with H + to'form car- 
bonic acid; carbonic acid is converted to C0 2 and water; and 
C0 2 diffuses from the blood to the alveoli and leaves the body 
in exhaled air. 



■9 2 in the blood is transported bound to 



within 



. cells, and C0 2 is mainly transported as 



. ions within the plasma. 
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CHAPTER 



REVIEW 



Reviewing the Concepts 

Mechanisms of Gas Exchange (12.1-12.2) 

12.1 Overview: Gas exchange in humans involves breathing, 
transport of gases, and exchange with body cells. Gas exchange, 
the interchange of 2 and C0 2 between an organism and its 
environment, provides 2 for cellular respiration and removes 

its waste product, C0 2 . 

12.2 Animals exchange 2 and C0 2 across moist body 
surfaces. Respiratory surfaces must be thin and moist for 
diffusion of 2 and C0 2 to occur. Some animals use their 
entire skin as a gas exchange organ. In most animals, gills, 

a tracheal system, or lungs provide large respiratory surfaces 
for gas exchange. 



The : Human Respiratory System (12.3) 
12.3 'in mammals, branching tubes convey air t'o'Muhgs located 
in the chest cavity. Inhaled air passes through the pharynx 
and larynx into the trachea, bronchi, and bronchioles to the 
alveoli. Mucus and cilia in the respiratory passages protect 
the lungs. 

Transport of Gases in the Human Body (12.4-12.5) 

12.4 Blood transports respiratory gases. The heart pumps 
oxygen-poor blood to the lungs, where it picks up 2 and drops 
off C0 2 . Oxygen-rich blood returns to the heart and is pumped to 
body cells, where it drops off 2 and picks up C0 2 . 

12.5 Hemoglobin carries 2 , helps transport C0 2 , and buffers the 
blood. 
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Connecting the Concepts 

1. Complete the following concept map to review some of the 
concepts of gas exchange. 
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2. Label the parts of the human respiratory system. 




Testing Your Knowledge 

Multiple Choice 

3. When you hold your breath, which of the following first leads 
to the urge to breathe? 

a. falling C0 2 

b. falling 2 

c. rising C0 2 

d. rising pH of the blood 



e. both c and d 
4. Countercurrent gas exchange in the gills of a fish 




speeds up the flow of water through the gills, 
maintains a gradient that enhances diffusion, 
enables the fish to obtain oxygen without swimming, 
means that blood and water flow at different rates, 
allows O, to diffuse against its partial pressure gradient. 

When you inhale, the diaphragm 

a. relaxes and moves upward. 

b. relaxes and moves downward. 

c. contracts and moves upward. 

d. contracts and moves downward. 

e. is not involved in the breathing movements. 

In which of the following organisms does oxygen diffuse 
directly across a respiratory surface to cells, without being 
carried by the blood? 
a. a grasshopper 
a whale 
an earthworm 



a sparrow 
a mouse 



7. What is the function of the cilia in the trachea and bronchi? 
to- sweep air into and out of the lungs 
to increase the surface area for gas exchange 
to vibrate when air is exhaled to produce sounds 
to dislodge food that may have slipped past the epiglottis 
to sweep mucus with trapped particles up and out of the 
respiratory tract 

What do the alveoli of mammalian lungs, the gill filaments of 
fish, and the tracheal tubes of insects have in common? 



use of a circulatory system to transport gases 

respiratory surfaces that are infoldings of the body wall 

countercurrent exchange 

a large, moist surface area for gas exchange 

all of the above 



9. Which of the following is the best explanation for why birds 
can fly over the Himalayas while most humans require oxygen 
masks to climb these mountains? 

a. ' Birds are much smaller and require less oxygen. 

b. Birds use positive pressure breathing, whereas humans use 
. • negative pressure breathing. - • ' ■ ' ' ' 

CvWiththeir one-way flow of air ••and efficient : ventilatfen;4he' 
lungs of birds extract more 2 from the air. 

d. The circulatory system of birds is much more efficient at 
delivering oxygen to tissues than is that of humans. 

e. Humans are endotherms and thus require more oxygen 
than do birds, which are ectotherms. 

Describing, Comparing, and Explaining 

10. What are two advantages of breathing air, compared with ob- 
taining dissolved oxygen from water? What is a comparative 
disadvantage of breathing air? 

1 1 . Trace the path of an oxygen molecule in its journey from the air 
to a muscle cell in your arm, naming all the structures involved 
along the way. 
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12. Carbon monoxide (CO) is a colorless, odorless gas found in 
furnace and automobile engine exhaust and cigarette smoke. 
CO binds to hemoglobin 210 times more tightly than does 2 . 
(CO binds with an electron transport protein and disrupts 
cellular respiration.) Explain why CO is such a deadly gas. 

Applying the Concepts 

13. Partial pressure reflects the relative amount of gas in a 
mixture and is measured in millimeters of mercury (mm Hg). 
Llamas are native to the Andes Mountains in South America. 
The partial pressure of 2 (abbreviated Pq 2 ) in the atmosphere 
where llamas live is about half of the P 0) at sea level. As a 
result, the Po, in the lungs of llamas is about 50 mm Hg, 
whereas the P Q , in human lungs at sea level is about 

100 mm Hg. 

A dissociation curve for hemoglobin shows the 
percentage of saturation (the amount of 2 bound to 
hemoglobin) at increasing values of P 0j . As you see in the 
graph opposite, the dissociation curves for llama and human 
hemoglobin differ. Compare these two curves and explain 
how the hemoglobin of llamas is an adaptation to living 
where the air is "thin." 




Pq 2 (mm Hg) 



Answers to all questions can be found in Appendix 1. 
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BIG IDEAS 




Circulatory Systems 

(13.1) 



Internal transport systems 
carry materials between 
exchange surfaces and 
body cells. 




The Human Cardiovascular 
System and Heart 

(13.2-13.3) 

The heart pumps blood 
through the pulmonary circuit 
and the systemic circuit. 
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Circulatory Systems 

13.1 Circulatory systems facilitate exchange with all body tissues 



To sustain life, an animal must acquire nutrients, exchange 
gases, and dispose of waste products, and these needs 
ultimately extend to every cell in the body. In most animals, 
these functions are facilitated by a circulatory system. A 
circulatory system is necessary in any animal whose body 
is too large or too complex for such exchange to occur by 
diffusion alone. Diffusion is inadequate for transporting 
materials over distances greater than a few cell widths— far 
less than the distance oxygen must travel between your lungs 
and brain or the distance nutrients must go between your 
small intestine and the muscles in your arms and legs. 
An internal transport system must bring resources close 
enough to cells for diffusion to be effective. 

Several types of internal transport have developed in 
animals. For example, in cnidarians and most flatworms, a 
central gastrovascular cavity serves both in digestion and in 
distribution of substances throughout the body. As you saw 
in Figure 1 1.3A, the body wall of" a hydra is only two or three 
cells thick, so all the cells can exchange materials directly 
with the water surrounding the animal or with the fluid in its 
gastrovascular cavity. Nutrients and other materials have only 
a short distance to diffuse between cell layers. 

A gastrovascular cavity is not adequate for animals with 
thick, multiple layers of cells. Such animals require a true 
circulatory system, which consists of a muscular pump (heart), 
a circulatory fluid, and a set of tubes (vessels) to carry the 
circulatory fluid. 

Two basic types of circulatory systems have developed in 
animals. Many invertebrates, including most molluscs and all 
arthropods, have an open circulatory system. The system is 
called "open" because fluid is pumped through open-ended 
vessels and flows out among the tissues; there is no distinction 
between the circulatory fluid- and interstitial fluid. In an insect, 
such as the grasshopper (Figure 13.1A), pumping of the tubular 
•heart drives body fluid into the head and-the- rest of the body 
(black arrows). Body movements help .circulate the- fluid as .. 
materials are exchanged with body cells. When the heart 
relaxes, fluid enters through several pores. Each pore has a valve 
that closes when the heart contracts, preventing backflow of 
the circulating fluid. In insects, respiratory gases are conveyed 
to and from body cells by the tracheal system (not shown here), 
not by the circulatory system. 




A Figure 13.1A The open circulatory system of a grasshopper 



Earthworms, squids, octopuses, and vertebrates (such as 
ourselves and giraffes) all have a closed circulatory system. 
It is called "closed" because the circulatory fluid, blood, is 
confined to vessels, keeping it distinct from the interstitial 
fluid. There are three kinds of vessels: Arteries carry blood 
away from the heart to body organs and tissues; veins return 
blood to the heart; and capillaries convey blood between 
arteries and veins within each tissue. The vertebrate 
circulatory system is often called a cardiovascular system 
(from the Greek kardia, heart, and Latin vas, vessel). How 
extensive are the vessels in your cardiovascular system? If 
all your blood vessels were lined up end to end, they would 
circle Earths equator twice. 

The cardiovascular system of a fish (Figure 13.1B) illustrates 
some key features of a closed circulatory system. The heart of a 
fish has two main chambers. The atrium (plural, atria) receives 
blood from the veins, and the ventricle pumps blood to the gills 
via large arteries. As in all figures depicting closed circulatory 
systems in this book, red represents oxygen-rich blood and blue 
represents oxygen-poor blood. After passing through the gill 
capillaries, the blood, now oxygen-rich, flows into large arteries 
that carry it to all other parts of the body. The large arteries 
branch into arterioles, small vessels that give rise to capillaries. 
Networks of capillaries called capillary beds infiltrate every 
organ and tissue in the body. The thin walls of the capillaries 
allow chemical exchange between the blood and the interstitial 
fluid. The capillaries converge into venules, which in turn 
converge into larger veins that return blood to the heart. 

*» What are the key differences between an open circulatory 
system and a closed circulatory system? 
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Capillary beds 




capillaries (0 2 -poor blood) 
A Figure 13. IB The closed circulatory system of a fish 
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he Human Cardiovascular System and Hear 



13.2 The human cardiovascular system illustrates the double 
circulation of mammals 



Let's follow the flow of blood through the human circulatory 
system. Starting in the right ventricle in Figure 13.2A, we 
trace the pulmonary circuit first. @ The right ventricle 
pumps oxygen-poor blood to the lungs via @ the pulmonary 
arteries. As blood flows through © capillaries in the lungs, 
it takes up 2 and unloads C0 2 . Oxygen-rich blood flows 
back through Q the pulmonary veins to © the left atrium. 
Next, the oxygen- rich blood flows from the left atrium into 
HJ the left ventricle. 

Now lets trace the systemic circuit. As Figure 13. 2 A 
shows, the left ventricle pumps oxygen-rich blood into 
O the aorta. The aorta is our largest blood vessel, with a 
diameter of about 2.5 cm, roughly equal to the diameter of a 
quarter. The first branches from the aorta are the coronary 
arteries (not shown), which supply blood to the heart muscle 
itself. Next there are large branches leading to © the head, 
chest, and arms, and the abdominal regions and legs. For 
simplicity, Figure 13.2A does not show the individual 
organs, but within each organ, arteries lead to arterioles that 
branch into capillaries. The capillaries rejoin as venules, 
which lead to veins. @ Oxygen-poor blood from the upper 
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A Figure 13.2A Blood flow through the double circulation of the 
human cardiovascular system 



Right Left 
ventricle ventricle 

A Figure 13.2B Blood flow through the human heart 

part of the body is channeled into a large vein called the 
superior vena cava, and from the lower part of the body it 
flows through the inferior vena cava. The two venae cavae 
empty into l| the right atrium. As the blood flows from 
the right atrium into the right ventricle, we complete our 
journey, only to start the pulmonary circuit again at the 
right ventricle. 

Remember that the path of any single red blood cell is 
always heart to lung capillaries to heart to body tissue 
capillaries and back to heart. In one systemic circuit, a blood 
cell may travel to the brain; in the next (after a pulmonary 
circuit), it may travel to the legs. A red blood cell never 
travels from the brain to the legs without first returning to 
the heart and being pumped to the lungs to be recharged 
withoxygen. . • . . • .. 

Figure 13.2B shpws. the path of blood- through the • 
human heart. About the size of a clenched fist, your heart 
is enclosed in a sac just under the sternum (breastbone). 
The heart is formed mostly of cardiac muscle tissue. Its 
thin-walled atria collect blood returning to the heart. 
The thicker-walled ventricles pump blood to the lungs and 
to all other body tissues. Notice that the left ventricle walls 
are thicker than the right, a reflection of how much farther 
it pumps blood in the body. Flap-like valves between the 
atria and ventricles and at the openings to the pulmonary 
artery and the aorta regulate the direction ofblood flow. 
We'll look at these valves and the functioning of the heart 
in the next module. 

1 Why does blood in the pulmonary veins have more 2 than 
blood in the venae cavae, which are also veins? 
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13.3 The heart contracts and relaxes rhythmically 



The four-chambered heart is the hub of the circulatory system. 
It separately but simultaneously pumps oxygen-poor blood 
to the lungs and oxygen-rich blood to the body. Its pumping 
action occurs as a rhythmic sequence of contraction and 
relaxation, called the cardiac cycle. When the heart contracts, 
it pumps blood; when it relaxes, blood fills its chambers. 

. ' " •' How long does a cardiac cycle take? 

If you have a heart rate of 72 beats per minute, your cardiac 
cycle takes about 0.8 second. Figure 13.3 shows that when the 
heart is relaxed, in the phase called O diastole, blood flows 
into all four of its chambers. Blood enters the right atrium 
from the venae cavae and the left atrium from the pulmonary 
veins (see Figure 13.2A). The valves between the atria and the 
ventricles (atrioventricular, or AV, valves) are open. The valves 
leading from the ventricles to the aorta or pulmonary artery 
(semilunar valves) are closed. Diastole lasts about 0.4 second, 
during which the ventricles nearly fill with blood. 

The contraction phase of the cardiac cycle is called systole. 
© Systole begins with a very brief (0.1 -second) contraction of 
the atria that completely fills the ventricles with blood (atrial 
systole). © Then the ventricles contract for about 0.3 second 
(ventricular systole). The force of their contraction closes the 
AV valves, opens the semilunar valves located at the exit from 
each ventricle, and pumps blood into the large arteries. Blood 
flows into the relaxed atria during the second part of systole, 
as the green arrows in step 3 indicate. 

Because it pumps blood to your whole body, the left 
ventricle contracts with greater force than the right. Both 




I The AV valves 

are closed. 

A Figure 13.3 A cardiac cycle in a human with a heart rate of about 
72 beats a minute 



ventricles, however, pump the same volume of blood. The 
volume of blood that each ventricle pumps per minute is 
called cardiac output. This volume is equal to the amount of 
blood pumped each time a ventricle contracts (about 70 mL, 
or a little more than \ cup, for the average person) times the 
heart rate (number of beats per minute). At an average resting 
heart rate of 72 beats per minute, cardiac output would be 
calculated as 70 mL/beat X 72 beats/min = about 5 L/min, 
roughly equivalent to the total volume of blood in your body. 
Thus, a drop of blood can travel the entire systemic circuit in 
just 1 minute. 

Heart rate and cardiac output vary, depending on age, 
fitness, and other factors. Both increase, for instance, during 
heavy exercise, in which cardiac output can increase fivefold, 
enabling the circulatory system to provide the additional 
oxygen needed by hardworking muscles. A well-trained 
athletes heart may strengthen and enlarge with a resulting 
increase in the volume of blood a ventricle pumps. Thus, a 
resting heart rate of an athlete may be as low as 40 beats/min 
and still produce a normal cardiac output of about 5 L/min. 
During competition, a trained athletes cardiac output may 
increase sevenfold. 

Notice again in Figure 13.3 how the heart 
valves act as one-way doors at the exits of the atria and 
ventricles during a cardiac cycle. Made of flaps of connective 
tissue, these valves open when pushed from one side and 
close when pushed from the other. The powerful contraction 
of the ventricles forces blood against the AV valves, which 
closes them and keeps blood from flowing back into the atria. 
The semilunar valves are pushed open when the ventricles 
contract. When the ventricles relax, blood in the arteries 
starts to flow back toward the heart, causing the flaps of the 
semilunar valves to close and preventing blood from flowing 
back into the ventricles. . 

You can follow the closing of the two sets of heart valves 
either- with a stethoscope or by pressing your ear tightly- against 
thAchest of a friend.. The spund.pattern is "lub,-<lup r lub-dup, 
lub-dup." The "lub" sound comes from the recoil of blood 
against the closed AV valves. The "dup" is produced by the 
recoil of blood against the closed semilunar valves. 

Someone who is trained can detect the hissing sound of a 
heart murmur, which may indicate a defect in one or more 
of the heart valves. A murmur occurs when a stream of blood 
squirts backward through a valve. Some people are born with 
murmurs, while others have their valves damaged by infection 
(from rheumatic fever, for instance). Most valve defects do not 
reduce the efficiency of blood flow enough to warrant surgery. 
Those that do can be corrected by replacing the damaged 
valves with synthetic ones or with valves taken from an organ 
donor (human or other animal). 

f During a cardiac cycle of 0.8 second, the atria are generally 
relaxed for second. 

Z'O 
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Reviewing the Concepts 

Circulatory Systems (13.1) 

13.1 Circulatory systems facilitate exchange with all body 
tissues. Gastrovascular cavities function in both digestion and 
transport. In open circulatory systems, a heart pumps fluid 
through open-ended vessels to bathe tissue cells directly. In 
closed circulatory systems, a heart pumps blood, which travels 
through arteries to capillaries to veins and back to the heart. 

The Human Cardiovascular System and Heart (13.2-13.3) 

13.2 The human cardiovascular system illustrates the double 
circulation of mammals. The mammalian heart has two thin- 
walled atria and two thick- walled ventricles. The right side of the 
heart receives and pumps oxygen-poor blood; the left side receives 
oxygen-rich blood from the lungs and pumps it to all other organs. 

13.3 The heart contracts and relaxes rhythmically. During 
diastole of the cardiac cycle, blood flows from the veins into the 
heart chambers; during systole, contractions of the atria push 
blood into the ventricles, and then stronger contractions of the 
ventricles propel blood into the large arteries. Cardiac output is 
the amount of blood per minute pumped by a ventricle. Heart 
valves prevent the backflow of blood. 

Connecting the Concepts 

1. Use the following diagram to review the flow of blood through 
a human cardiovascular system. Label the indicated parts, 
highlight the vessels that carry oxygen-rich blood, and then 
trace the flow of blood by numbering the circles from 1 to 10, 
starting with 1 in the right ventricle. (When two locations are 
equivalent in the pathway, such as right and left lung capillaries 
or capillaries of top and lower portion of the body, assign them 
both the same number.) 




Testing Your Knowledge 

Multiple Choice 

2. Which of the following is the main difference between your 
cardiovascular system and that of a fish? 

a. In a fish, blood is oxygenated by passing through a 
capillary bed. 

b. Your heart has two chambers; a fish heart has four. 

c. Your circulation has two circuits; fish circulation has one. 

d. Your heart chambers are called atria and ventricles. 

e. Yours is a closed system; the fish's is an open system. 

3. Tariq's blood pressure is 150/90. The 150 indicates , and 

the 90 indicates . 

a. pressure in the left ventricle; pressure in the right ventricle 

b. arterial pressure; heart rate 

c. pressure during ventricular contraction; pressure during 
heart relaxation 

d. systemic circuit pressure; pulmonary circuit pressure 

e. pressure in the arteries; pressure in the veins 

4. Blood flows more slowly in the arterioles than in the artery that 
supplies them because the arterioles 

a. must provide opportunity for exchange with the interstitial 
fluid. 

b. have thoroughfare channels to venules that are often closed 
off, slowing the flow of blood. 

c. have sphincters that restrict flow to capillary beds. 

d. are narrower than the artery. 

e. collectively have a larger cross-sectional area than does the 
artery. 

5. Which of the following is not a true statement about open and 
closed circulatory systems? 

a. Both systems have some sort of a heart that pumps a 
circulatory fluid through the body. 

b. A frog has an open circulatory system; other vertebrates 
have closed circulatory systems. 

c. The blood and interstitial fluid are separate in a closed 
system but are indistinguishable in an open system. 

d. The open circulatory system of an insect does not transport 
2 to body cells; closed circulatory systems do transport 2 . 

■ e. ' Some of the circulation of blood in both systems results - 
frota body movements'.'- ' ' •' ••• >'-' 

Describing, Comparing, and Explaining 

6. Trace the path of blood starting in a pulmonary vein, through 
the heart, and around the body, returning to the pulmonary 
vein. Name, in order, the heart chambers and types of vessels 
through which the blood passes. 

Answers to all questions can be found in Appendix 1. 
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BIG IDEAS 



Reproduction 



1 and Embryonic 




Asexual and Sexual 
Reproduction 

(14.1-14.2) 

Some animals can reproduce 
asexually, but most reproduce 
by the fusion of egg and sperm. 



Development 




Human Reproduction 

(14.3-14.5) 

Human males and females 
have structures that produce, 
store, and deliver gametes. 




Principles of Embryonic 
Development 

(14.6-14.8) 

A zygote develops into an 
embryo through a series of 
carefully regulated processes. 
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Asexual and Sexual Reproduction 



14.1 Asexual reproduction results in the generation of genetically 
identical offspring 



Individual animals have a finite life span. A species transcends 
this limit only by reproduction, the creation of new individuals 
from existing ones. Animals reproduce in a great variety of ways, 
but there are two principal modes: asexual and sexual. 

Asexual reproduction (reproduction without sex) is the cre- 
ation of genetically identical offspring by a lone parent. Because 
asexual reproduction proceeds without the fusion of egg and 
sperm, the resulting offspring are genetic copies of the one parent. 

Several types of asexual reproduction are found among 
animals. Many invertebrates, such as the hydra in Figure 14. 1A, 
reproduce asexually by budding, splitting off new individuals 
from outgrowths of existing ones. The sea anemone in the center 
of Figure 14.1B is undergoing fission, the separation of a parent 
into two or more individuals of about equal size. Asexual repro- 
duction can also result from the process of fragmentation, the 
breaking of the parent body into several pieces, followed by 

regeneration, the regrowth of lost body parts. 
In sea stars (starfish) of the genus Linckia, 
for example, a whole new individual 
can develop from a broken-off 
arm plus a bit of the central body. 
Thus, a single animal with five 
arms, if broken apart, could 
potentially give rise to five off- 
spring via asexual reproduction 
in a matter of weeks. In some 
species of sea sponges, if a single 
sponge is pushed through 
a wire mesh, each of the result- 
ing clumps of cells can regrow 
into a new sponge. (Besides 
the natural means of asexual 
reproduction discussed here, ■ 
many species have, been the 
target of artificial asexual 
reproduction.) 





A Figure 14.3.A' Asexual 
reproduction via budding 
in a hydra 



A Figure 14. IB Asexual reproduction of a sea anemone 
{Anthopleura elegantissima) by fission 



In nature, asexual reproduction has several potential advan- 
tages. For one, it allows animals that do not move from place 
to place or that live in isolation to produce offspring without 
finding mates. Another advantage is that it enables an animal 
to produce many offspring quickly; no time or energy is lost in 
production of eggs and sperm or in mating. Asexual reproduc- 
tion perpetuates a particular genotype faithfully, precisely, and 
rapidly. Therefore, it can be an effective way for animals that 
are genetically well suited to an environment to quickly expand 
their populations and exploit available resources. 

A potential disadvantage of asexual reproduction is that it 
produces genetically uniform populations. Genetically similar 
individuals may thrive in one particular environment, but if the 
environment changes and becomes less favorable, all individuals 
may be affected equally, and the entire population may die out. ■ 

O What kinds of environments 'would likely be advantageous to 
asexually reproducing organism's? Why? • :/ 
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14.2 Sexual reproduction results in the generation of genetically unique offspring 



Sexual reproduction is the creation of offspring through the 
process of fertilization, the fusion of two haploid («) sex cells, 
or gametes, to form a diploid {In) zygote (fertilized egg). 
(Recall from Chapter 7 that n refers to the haploid number of 
chromosomes and In refers to the diploid number; for humans, 
n = 23 and 2n = 46.) The male gamete, the sperm, is a relatively 
small cell that moves by means of a flagellum. The female gam- 
ete, the egg, is a much larger cell that is not self-propelled. The 
zygote— and the new individual it develops into— contains 
a unique combination of genes inherited from the parents via 
the egg and sperm. 



Most animals reproduce mainly or exclusively by 
sexual reproduction, which increases genetic variability 
among offspring. Meiosis and random fertilization can 
generate enormous genetic variation. And such variation 
is the raw material of development by natural selection. 
The variability produced by the reshuffling of genes in 
sexual reproduction may provide greater adaptability to 
changing environments. According to this hypothesis, 
when an environment changes suddenly or drastically, 
more offspring will survive and reproduce if they aren't 
all genetically very similar. 




▲ Figure 14.2A Asexual (left) and sexual (right) reproduction in the 
starlet sea anemone (Nematostella vectensis) 

Animals that can reproduce both asexually and sexually 
benefit from both modes. In Figure 14.2A, you can see two sea 
anemones of the same species; the one on the left is reproducing 
asexually (via fission) while the one on the right is releasing 
eggs. Many other marine invertebrates can also reproduce by 
both modes. Why would such dual reproductive capabilities be 
advantageous to an organism? From several well-studied cases, it 
is known that certain animals reproduce asexually when there is 
ample food and when water temperatures are favorable for rapid 
growth and development. Asexual reproduction usually con- 
tinues until cold temperatures signal the approach of winter or 
until the food supply dwindles or the habitat starts to dry up. At 
that point, the animals switch to a sexual reproduction mode, 
resulting in a generation of genetically varied individuals 
with better potential to adapt to the changing conditions. 

Although sexual reproduction has advantages, it presents a . 
problem for nonmobile animals and for those that live solitary 
' lives: how to find a mate. One solution that has developed is • 
hermaphroditism/in which.each -indiyidual has both female, 
and male reproductive systems. (The term comes from the 
Greek myth in which Hermaphroditus, the son of the gods 
Hermes and Aphrodite, fused with a woman to form one indi- 
vidual of both sexes.) Although some hermaphrodites, such as 




A Figure 14.2B, Hermaphroditic earthworms mating 
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▲ Figure 14.2C Frogs in an embrace that triggers the release of 
eggs and sperm (the sperm are too small to be seen) 



tapeworms, can fertilize their own eggs, most must mate with 
another member of the same species. When hermaphrodites 
mate (for example, the two earthworms in Figure 14.2B), 
each animal serves as both male and female, donating and 
receiving sperm. For hermaphrodites, there is only one sex, 
so every individual encountered is a potential mate. Mating 
can therefore result in twice as many offspring than if only 
one individual's eggs were fertilized. 

The mechanics of fertilization play an important part in 
sexual reproduction. Many aquatic invertebrates and most 
fishes and amphibians exhibit external fertilization: The par- 
ents discharge their gametes into the water, where fertilization 
then occurs, often without the male and female even making 
physical contact. Timing is crucial because the eggs and sperm 
must be available for fertilization at the same time. For many 
species— certain clams that live in freshwater rivers and lakes, 
for instance — environmental cues such as temperature and day 
length cause a whole population to release gametes all at once. 
Males or females may also emit a chemical signal as they 
release their gametes. The signal triggers gamete release in 
members of the opposite sex. Most fishes and amphibians with' 
external fertilization have specific courtship rituals that trigger 
simultaneous gamete release in the same vicinity by the female 
and male. Ane'xam'ple'of such- a mating ritual is the clasping of. • 
a female frog by a male (Figure 14.2C). 

In contrast to external fertilization, internal fertilization 
occurs when sperm are deposited in or close to the female 
reproductive tract and gametes unite within the tract. Nearly all 
terrestrial animals exhibit internal fertilization, which is an adap- 
tation that enables sperm to reach an egg despite a dry external 
environment. Internal fertilization usually requires copulation, 
or sexual intercourse. It also requires complex reproductive 
systems, including organs for gamete storage and transport and 
organs that facilitate copulation. For examples of these complex 
structures, we turn next to the human female and male. 

f In terms of genetic makeup, what is the most important 
difference between the outcome of sexual reproduction and 
that of asexual reproduction? 
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Human Reproduction 



14.3 Reproductive anatomy of the human female 

Although we tend to focus on the anatomical differences be- 
tween the human male and female reproductive systems, there 
are also some important similarities. Both sexes have a pair of 
gonads, the organs that produce gametes. Also, both sexes 
have ducts that store and deliver gametes as well as structures 
that facilitate copulation. In this and the next module, we ex- 
amine the anatomical features of the human reproductive sys- 
tem, beginning with female anatomy. 

A woman's gonads, her ovaries, are each about an inch long, 
with a bumpy surface (Figure 14.3A). The bumps are follicles, 
each consisting of one or more layers of cells that surround, 
nourish, and protect a single developing egg cell. In addition 
to producing egg cells, the ovaries produce hormones. 
Specifically, the follicle cells produce the female sex hormone 
estrogen. (In this chapter, we use the word estrogen to refer 
collectively to several closely related chemicals that affect the 
body similarly.) 

A female is born with 1-2 million follicles, but only sev- 
eral hundred will release egg cells during her reproductive 
years. Starting at puberty, one follicle (or, rarely, more than 
one) matures and releases an immature egg cell about every 
28 days. This monthly cycle continues until a female reaches 
menopause, which usually occurs around age 50. An imma- 
ture egg cell is ejected from the follicle in a process called 
ovulation, shown in Figure 14.3B. 

After ovulation, the follicular tissue that had been sur- 
rounding the egg that was just ejected grows within the ovary 
to form a solid mass called the corpus luteum; 
you can see one in the ovary on the left 
in Figure 14. 3 A. The corpus luteum 

secretes additional estrogen as well as Oviduct Ovaries 




Figure 14.3A Front view of female reproductive anatomy (upper portion) 




A Figure 14.3B Ovulation 



progesterone, a hormone that helps maintain the uterine 
lining during pregnancy. If the released egg is not fertilized, 
the corpus luteum degenerates, and a new follicle matures 
during the next cycle. We discuss ovulation and female hor- 
monal cycles further in later modules. 

Notice in Figure 14.3A that each ovary lies next to the open- 
ing of an oviduct, also called a fallopian tube. The oviduct 
opening resembles a funnel fringed with finger-like projections. 
The projections touch the surface of the ovary, but the ovary is 
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actually separated from the opening of the oviduct by a tiny 
space. When ovulation occurs, the egg cell passes across the 
space and into the oviduct, where cilia sweep it toward the 
uterus. If sperm are present, fertilization may occur in the 
upper part of the oviduct. The resulting zygote starts to divide, 
thus becoming an embryo, as it moves along within the oviduct. 

The uterus, also known as the womb, is the actual site of 
pregnancy. The uterus is only about 3 inches long in a woman 
who has never been pregnant, but during pregnancy it expands 
considerably as the baby develops. The uterus has a thick mus- 
cular wall, and its inner lining, the endometrium, is richly 
supplied with blood vessels. An embryo implants in the en- 
dometrium, and development is completed there. The term 
embryo is used for the stage in development from the first 
division of the zygote until body structures begin to appear, 
about the 9th week in humans. From the 9th week until birth, 
a developing human is called a fetus. 

The uterus is the normal site of pregnancy. However, in 
about 1% of pregnancies, the embryo implants somewhere 
else, resulting in an ectopic pregnancy. Most ectopic preg- 
nancies occur in the oviduct and are called tubal pregnancies. 
An ectopic pregnancy is a serious medical emergency that 
requires surgical intervention; otherwise, it can rupture sur- 
rounding tissues, causing severe bleeding and even death of 
the mother. 

The narrow neck at the bottom of the uterus is the cervix, 
which opens into the vagina. It is recommended that women 
have a yearly Pap test in which cells are removed from around 
the cervix and examined under a microscope for signs of cervi- 
cal cancer. Regular Pap smears greatly increase the chances of 
detecting cervical cancer early and therefore treating it success- 
fully. The cervix opens to the vagina, a thin-walled, but strong, 



muscular chamber that serves as the birth canal through which 
the baby is born. The vagina is also the repository for sperm 
during sexual intercourse. Glands near the vaginal opening 
secrete mucus during sexual arousal, lubricating the vagina 
and facilitating intercourse. 

You can see more features of female reproductive anatomy 
in Figure 14.3C, a side view. Vulva is the collective term for the 
external female genitalia. Notice that the vagina opens to the 
outside just behind the opening of the urethra, the tube 
through which urine is excreted. A pair of slender skin folds, 
the labia minora, border the openings, and a pair of thick, 
fatty ridges, the labia majora, protect the vaginal opening. 
Until sexual intercourse or vigorous physical activity ruptures 
it, a thin piece of tissue called the hymen partly covers the vagi- 
nal opening. 

Several female reproductive structures are important in 
sexual arousal, and stimulation of them can produce highly 
pleasurable sensations. The vagina, labia minora, and a small 
erectile organ called the clitoris all engorge with blood and en- 
large during sexual activity. The clitoris consists of a short shaft 
supporting a rounded glans, or head, covered by a small hood 
of skin called the prepuce. In Figure 14.3C, blue highlights the 
spongy erectile tissue within the clitoris that fills with blood 
during arousal. The clitoris, especially the glans, has an enor- 
mous number of nerve endings and is very sensitive to touch. 
Keep in mind the details of female reproductive anatomy as 
you read the next module, and you'll notice many similarities 
in the human male. 

f Where does fertilization occur? In which organ does the fetus 
develop? 
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L4.4 Reproductive anatomy of the human male 



Figures 14.4A and 14.4B present front and side views of the 
male reproductive system. The male gonads, or testes (singu- 
lar, testis), are each housed outside the abdominal cavity in a 
sac called the scrotum. A testis and scrotum together are called 
a testicle. Sperm cannot develop optimally at human core 
body temperature; the scrotum keeps the sperm-forming cells 
about 2°C cooler, which allows them to function normally. In 
cold conditions, muscles around the scrotum contract, pulling 
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A Figure 14.4A Front view of male reproductive anatomy 



the testes toward the body, thereby maintaining the proper 
temperature. 

Now lets track the path of sperm from one of the testes 
out of the male's body. From each testis, sperm pass into a 
coiled tube called the epididymis, which stores the sperm 
while they continue to develop. Sperm leave the epididymis 
during ejaculation, the expulsion of sperm-containing fluid 
from the penis. At that time, muscular contractions propel 
the sperm from the epididymis through another duct called 
the vas deferens. The vas deferens passes upward into the 
abdomen and loops around the urinary bladder. Next to the 
bladder, the vas deferens joins a short duct from a gland, 
the seminal vesicle. The two ducts unite to form a short 
ejaculatory duct, which joins its counterpart conveying 
sperm from the other testis. Each ejaculatory duct empties 
into the urethra, which conveys both urine and sperm out 
through the penis, although not at the same time. Thus, 
unlike the female, the male has a direct connection between 
the reproductive and urinary systems. 

In addition to the testes and ducts, the reproductive system 
of human males contains three sets of glands: the seminal 
vesicles, the prostate gland, and the bulbourethral glands. The 
two seminal vesicles secrete a thick fluid that contains fruc- 
tose, which provides most of the energy used by the sperm as 
they propel themselves through the female reproductive tract. 
The prostate gland secretes a thin fluid that further nourishes 
the sperm. The two bulbourethral glands secrete a clear, 
alkaline mucus. 



Rectum 
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Together, the sperm and the glandular secretions make 
up semen, the fluid ejaculated from the penis during 
orgasm, a series of rhythmic, involuntary contractions 
of the reproductive structures. About 2-5 mL (1 teaspoonful) 
of semen are discharged during a typical ejaculation. About 
95% of the fluid consists of glandular secretions. The other 
5% is made up of sperm (typically 200-500 million of them), 
only one of which may eventually fertilize an egg. The 
alkalinity of the semen balances the acidity of any traces of 
urine in the urethra and neutralizes the acidic environment 
of the vagina, protecting the sperm and increasing their 
motility. 

The human penis consists mainly of erectile tissue (shown 
in blue in Figures 14.4A and 14.4B) that can fill with blood to 
cause an erection during sexual arousal. Erection is essential 
for insertion of the penis into the vagina. Like the clitoris, 
the penis consists of a shaft that supports the glans, or head. 
The glans is richly supplied with nerve endings and is highly 
sensitive to stimulation. A fold of skin called the prepuce, 
or foreskin, covers the glans. Circumcision, the surgical 
removal of the prepuce, arose from religious traditions. 
Recent studies have suggested that circumcision does have 
a medical advantage: The procedure significantly reduces 
a man's chance of contracting and passing on sexually 
transmitted diseases, including AIDS. 

Ejaculation occurs in two stages. f| At the peak of 
sexual arousal, muscle contractions in multiple glands 
force secretions into the urethra and propel sperm from 
the epididymis. At the same time, a sphincter muscle at the 
base of the bladder contracts, preventing urine from leaking 
into the urethra from the bladder. Another sphincter also 
contracts, closing off the entrance of the urethra into the 
penis. The section of the urethra between the two sphincters 
fills with semen and expands. ® In the second stage of 
ejaculation, the expulsion stage, the sphincter at the base 
of the penis relaxes, admitting semen into the penis. At the 
same time, a series of strong muscle contractions around 
the base of the penis and along the urethra expels the semen 
from the body. 
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Figure 14.4C shows how hormones control sperm 
production by the testes. The hypothalamus secretes a 
releasing hormone that regulates release of follicle-stimulating 
hormone (FSH) and luteinizing hormone (LH) by the anterior 
pituitary FSH increases sperm production by the testes, while 
LH promotes the secretion of androgens, mainly testosterone. 
Androgens stimulate sperm production. In addition, andro- 
gens carried in the blood help maintain homeostasis by a 
negative-feedback mechanism (red arrows), inhibiting 
secretion of both the releasing hormone and LH. Under the 
control of this chemical regulating system, the testes produce 
hundreds of millions of sperm every day, from puberty well 
into old age. Next we'll see how sperm and eggs are made. 

*> Arrange the following organs in the correct sequence for the 
travel of sperm: epididymis, testis, urethra, vas deferens. 
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14.5 The formation of sperm and egg cells requires meiosis 



Both sperm and egg are haploid («) cells that develop by 
meiosis from diploid (2n) cells in the gonads. Recall that the 
diploid chromosome number in humans is 46; that is, 2n = 46. 
Before we turn to the formation of gametes, gametogenesis, 
you may want to review Modules 7.5-7.6 as background 
for our discussion. There are significant differences in 
gametogenesis between human males and females, so 
we'll examine the processes separately. 

Figure 14.5A outlines spermatogenesis, the formation of 
sperm cells. Sperm develop in the testes in coiled tubes called 
the seminiferous tubules. Diploid cells that begin the process 
are located near the outer wall of the tubules (at the top of the 



enlarged wedge of tissue in Figure 14.5A). These cells multiply 
continuously by mitosis, and each day about 3 million of them 
differentiate into primary spermatocytes, the cells that under- 
go meiosis. Meiosis I of a primary spermatocyte produces 
two secondary spermatocytes, each with the haploid number 
of chromosomes (n = 23). Meiosis II then forms four cells, 
each with the haploid number of chromosomes. A sperm cell 
develops by differentiation of each of these haploid cells and is 
gradually pushed toward the center of the seminiferous tubule. 
From there it passes into the epididymis, where it matures, 
becomes motile, and is stored until ejaculation. In human 
males, spermatogenesis takes about 10 weeks. 
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A Figure 14.5A Spermatogenesis- 




The right side of Figure 14.5B shows oogenesis, the devel- 
opment of a mature egg (also called an ovum; plural, ova). 
Most of the process occurs in the ovary. Oogenesis actually be- 
gins prior to birth, when a diploid cell in each developing folli- 
cle begins meiosis. At birth, each follicle contains a dormant 
primary oocyte, a diploid cell that is resting in prophase of 



meiosis I. A primary oocyte can be hormonally triggered to 
develop further. Between puberty and menopause, about every 
28 days, FSH (follicle-stimulating hormone) from the pituitary 
stimulates one of the dormant follicles to develop. The follicle 
enlarges, and the primary oocyte completes meiosis I and 
begins meiosis II. Meiosis then halts again at metaphase II. 



Reproduction and Embryonic Development 147 






_~ Primary 




&g) oocyte 




within 1 


\ v 


follicle 





Diploid cell -i— ( 



Differentiation 
and onset 
of meiosisl 



Growing : /f-ri 
follicle lm 




mi 

Ovulated 
Secondary oocyte 




1_" 




Degenerating 
corpus luteum 



i oocyte 

(arrested in prophase 
of meiosisl; present 
at birth) 




Completion of meiosis I 
and onset of meiosis II 



First 
polar body 



Secondary oocyte 

(arrested at metaphase 
of meiosis II; released 
from ovary) 



Entry of sperm triggers 
completion of meiosis II 



Second 
' polar body 



Mature egg 
(ovum) 




A Figure 14.5B Oogenesis and the development of 
an ovarian follicle 



In the female, the division of the cytoplasm in meiosis I is 
unequal, with a single secondary oocyte receiving almost 
all of it. The smaller of the two daughter cells, called the 
first polar body, receives almost no cytoplasm. 

The secondary oocyte is released by the ovary during 
ovulation. It enters the oviduct, and if a sperm cell penetrates 
it, the secondary oocyte completes meiosis II. Meiosis II is 
also unequal, yielding a second polar body and the mature 
egg (ovum). The haploid nucleus of the mature egg can then 
fuse with the haploid nucleus of the sperm cell, producing 
a zygote. 

Although not shown in Figure 14.5B, the first polar body 
may also undergo meiosis II, forming two cells. These and 
the second polar body receive virtually no cytoplasm and 
quickly degenerate, leaving the mature egg with nearly all the 
cytoplasm and thus the bulk of the nutrients contained in 
the original diploid cell. 

The left side of Figure 14.5B is a cutaway view of an 
ovary. The series of follicles here represents the changes 
one follicle undergoes over time. An actual ovary would 
have thousands of dormant follicles, each containing a 
primary oocyte. Usually, only one follicle has a dividing 
oocyte at any one time. Meiosis I occurs as the follicle 
matures. About the time the secondary oocyte forms, the 
pituitary hormone LH (luteinizing hormone) triggers 
ovulation, the rupture of the follicle and expulsion of the 
secondary oocyte. The ruptured follicle then develops into a 
corpus luteum ("yellow body"). Unless fertilization occurs, 
the corpus luteum degenerates before another follicle starts 
to develop. 

Oogenesis and spermatogenesis are alike in that they both 
produce haploid gametes. However, these two processes 
differ in some important ways. First, only one mature 
egg results from each diploid cell that undergoes meiosis. The 
other products of oogenesis, the polar bodies, degenerate. 
By contrast, in spermatogenesis, all four products of meiosis 
develop into mature gametes. Second, although the cells 
from which sperm develop continue to divide by mitosis ' 
throughout the males life, this is probably not the case for the 
comparable cells in the human female. Third, oogenesis has 
•• long."resting' ! periods}', whereas spermatogenesis'produees • ' •' 
mature sperm in an uninterrupted sequence. 



f Which process in the development of sperm and eggs is 
responsible for the genetic variation among gametes? 
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Principles of Embryonic Development 

14.6 Fertilization results in a zygote and triggers embryonic development 



The previous modules focused on the anatomy and physiology 
of the human reproductive system. In the next six modules, 
we examine the results of reproduction: the formation and 
development of an embryo. Embryonic development begins 
with fertilization, the union of a sperm and an egg to form 
a diploid zygote. Fertilization combines haploid sets of 
chromosomes from two individuals and also activates 
the egg by triggering metabolic changes that start ^ 
embryonic development. * 

The Properties of Sperm Ceils Figure 14.6A is 
a micrograph of an unfertilized human egg that is 
surrounded by sperm. Among all of these sperm, 
only one will enter and fertilize the egg. All the other sperm— 
the ones shown here and millions more that were ejaculated 
with them— will die. The one sperm that penetrates the egg 
adds its unique set of genes to those of the egg and contributes 
to the next generation. 

Figure 14.6B illustrates the structure of a mature human 
sperm cell, a clear case of form fitting function. The sperm's 
streamlined shape is an adaptation for swimming through flu- 
ids in the vagina, uterus, and oviduct of the female. Its thick 
head contains a haploid nucleus and is tipped with a vesicle, the 
acrosome, which lies just inside the plasma membrane. The 
acrosome contains enzymes that help the sperm penetrate 
the egg. The middle piece of the sperm contains mitochondria. 
The sperm absorbs high-energy nutrients, especially the sugar 
fructose, from the semen. Thus fueled, its mitochondria pro- 
vide ATP for movement of the tail, which is actually a flagellum. 
By the time a sperm has reached the egg, it has consumed much 



Plasma membrane 



Tail 




A Figure 14. 6B The structure of a human sperm cell 

of the energy available to it. But a successful sperm will have 
enough energy left to penetrate the egg and deposit its nucleus 
in the eggs cytoplasm. 

■ Figure 14.6C illustrates the 
sequence of events in fertilization. This diagram is based on 
fertilization in sea urchins, on which a great deal of research 
has been done. Similar processes occur in other animals, 
including humans. The diagram traces one sperm through 
the successive activities of fertilization. Notice that to reach 
the egg nucleus, the sperm nucleus must pass through three 
barriers: the egg's jelly coat (yellow), a middle region of 
glycoproteins called the vitelline layer (pink), and the egg 
cell's plasma membrane. 

Let's follow the steps shown in the figure. || The contact of 
a sperm with the jelly coat of the egg triggers the release from 



► Figure 14.6A A human egg cell 
surrounded by sperm 
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the sperms acrosome of a cloud of enzyme molecules by 
exocytosis (see Module 4.6). || The enzyme molecules digest 
a cavity into the jelly. When the sperm head reaches the 
vitelline layer, @ species-specific protein molecules on its 
surface bind with specific receptor proteins on the vitelline 
layer. The binding between these proteins ensures that sperm 
of other species cannot fertilize the egg. This specificity is 
especially important when fertilization is external because 
the sperm of other species may be present in the water. 
After the specific binding occurs, the sperm proceeds through 
the vitelline layer, and Q the sperms plasma membrane fuses 
with that of the egg. Fusion of the two membranes © makes 
it possible for the sperm nucleus to enter the egg. 

Fusion of the sperm and egg plasma membranes triggers 
a number of important changes in the egg. Two such 
changes prevent other sperm from entering the egg. About 
1 second after the membranes fuse, the entire egg plasma 
membrane becomes impenetrable to other sperm cells. 
Shortly thereafter, @ the vitelline layer hardens and 
separates from the plasma membrane. The space quickly 
fills with water, and the vitelline layer becomes impenetrable 



to sperm. If these events did not occur and an egg were 
fertilized by more than one sperm, the resulting zygote 
nucleus would contain too many chromosomes, and the 
zygote could not develop normally. 

© About 20 minutes after the sperm nucleus enters the egg, 
the sperm and egg nuclei fuse. Gearing up for the enormous 
growth and development that will soon follow, DNA synthesis 
and cellular respiration begin. The first cell division occurs 
after about 90 minutes, marking the end of the fertilization 
stage. 

Note that the sperm provided chromosomes to the zygote, 
but little else. The zygotes cytoplasm and various organelles 
were all provided by the mother through the egg. In the next 
module, we begin to trace the development of the zygote into 
a new animal. 

"> Why is the vitelline layer particularly important among 
aquatic animals that use external fertilization? 

'SSa a in 
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© A sperm touches the 
egg's jelly coat, and 
its acrosome releases 
enzyme molecules. 
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A Figure 14.6C The process of fertilization in a sea urchin 
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14.7 Cleavage produces a ball of cells from the zygote 



An animal consists of many thousands, millions, even 
trillions of cells that are precisely organized into complex 
tissues and organs. The transformation from a zygote to this 
multicellular state is truly phenomenal. Order and precision 
are required at every step, and both are clearly displayed 
in the first two major phases of embryonic development: 
cleavage and gastrulation. 

Cleavage is a rapid succession of cell divisions that 
produces a ball of cells— a multicellular embryo— from the 
zygote. Nutrients stored in the egg nourish the dividing cells. 
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A Figure 14.7 Cleavage in a sea urchin 



DNA replication, mitosis, and cytokinesis occur rapidly, but 
gene transcription virtually shuts down and few new proteins 
are synthesized. The embryo does not enlarge significantly; 
instead, cleavage partitions the cytoplasm of the one-celled 
zygote into many smaller cells, each with its own nucleus. 

Figure 14.7 illustrates cleavage in a sea urchin. (A similar 
process occurs in humans.) As the first three steps show, the 
number of cells doubles with each cleavage division. In a sea 
urchin, a doubling occurs about every 20 minutes, and the 
whole cleavage process takes about 3 hours to produce a solid 
ball of cells. Notice that as cleavage proceeds, the total size of 
the ball remains constant even as the cells double. As a result, 
each cell in the ball is much smaller than the original cell that 
formed the zygote. As cleavage continues, a fluid-filled cavity 
called the blastocoel forms in the center of the embryo. At the 
completion of cleavage, there is a hollow ball of cells called 
the blastula. 

Cells removed from a human blastocyst (the equivalent 
of the sea urchin blastula) are useful in research. Such cells 
are called embryonic stem cells. Because they have yet to 
become specialized, embryonic stem cells have great thera- 
peutic potential to replace just about any kind of mature cells 
that have been lost to damage or illness. But harvesting 
the embryonic stem cells destroys the embryo, 
which raises ethical questions. Research using 
embryonic stem cells remains one of the hottest 
areas of biological study. 

Cleavage makes two important contributions 
to early development. It creates a multicellular 
embryo, the blastula, from a single-celled zygote. 
Cleavage is also an organizing process, partitioning 
the multicellular embryo into developmental regions. 
The cytoplasm of the zygote contains a variety of chemicals 
that control gene expression during early development. During 
cleavage, regulatory chemicals become localized in particular 
groups of cells, where they later activate the genes that direct 
the formation of specific parts of the animal. Gastrulation, the 
next phase .of development, further refines the embryos : \ ■•>. 
cellular organization. 

Rarely, and apparently at random, a cell in the early em- 
bryo may separate and "reset" as if it were the original zygote; 
the result is the development of identical (monozygotic) 
twins. (Nonidentical, or dizygotic, twins result from a com- 
pletely different mechanism: Two separate eggs fuse with two 
separate sperm to produce two genetically unique zygotes 
that develop in the uterus simultaneously.) In exceedingly 
rare cases, the separation and resetting that produce identical 
twins can occur twice, producing identical triplets. 



! ^ | How does the reduction of cell size during cleavage increase 
~ oxygen supply to the cells' mitochondria? 
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14.8 Gastrulation produces a three-layered embryo 



After cleavage, the rate of cell division slows dramatically. 
Groups of cells then undergo gastrulation, the second major 
phase of embryonic development. During gastrulation, cells 
take up new locations that will allow later formation of all the 
organs and tissues. As gastrulation proceeds, the embryo is 
organized into a three-layer stage called a gastrula. 

The three layers produced by gastrulation are embryonic 
tissues called ectoderm, endoderm, and mesoderm. The ecto- 
derm forms the outer layer (skin) of the gastrula. The endo- 
derm forms an embryonic digestive tract. And the mesoderm 
lies between the ectoderm and endoderm. Eventually, these 
three cell layers develop into all the parts of the adult animal. 
For instance, our nervous system and the outer layer (epider- 
mis) of our skin come from ectoderm; the innermost lining 
of our digestive tract arises from endoderm; and most other 
organs and tissues, such as the kidney, heart, muscles, and 
the inner layer of our skin (dermis), develop from mesoderm. 
Table 14.8 lists the major organs and tissues that arise in most 
vertebrates from the three main embryonic tissue layers. 

The mechanics of gastrulation vary somewhat, depending 
on the species. We have chosen the frog, a vertebrate that has 
long been a favorite of researchers, to demonstrate how gastru- 
lation produces three cell layers. The top of Figure 14.8 shows 
the frog blastula, formed by cleavage (as discussed in the 
previous module). The frog blastula is a partially hollow ball 
of unequally sized cells. The cells toward one end, called the 
animal pole, are smaller than those near the opposite end, 
the vegetal pole. The three colors on the blastula in the figure 
indicate regions of cells that will give rise to the primary cell 
layers in the gastrula at the bottom of the figure: ectoderm 
(blue), endoderm (yellow), and mesoderm (red). (Notice that 
each layer may be more than one cell thick.) 

During gastrulation (shown in the center of Figure 14.9), 
cells migrate to new positions that will form the three layers. 
Gastrulation begins when a small groove, called the blastopore, 
appears on one side of the blastula. In the blastopore, cells of the 
future endoderm (yellow) move inward from the surface and 
fold over to produce a simple digestive cavity. Meanwhile, the 



TABLE 14.8 



DERIVATIVES OF THE THREE 
EMBRYONIC TISSUE LAYERS 



Embryonic Layer Orgdiis and Tissues in the Adult 



Endoderm 



Epidermis of skin; epithelial lining of mouth 
and rectum; sense receptors in epidermis; 
cornea and lens of eye; nervous system 

Epithelial lining of digestive tract (except 
mouth and rectum); epithelial lining of respi- 
ratory system; liver; pancreas; thyroid; 
parathyroids; thymus; lining of urethra, 
urinary bladder, and reproductive system 

Skeletal system; muscular system; circula- 
tory system; excretory system; reproductive 
system (except gamete-forming cells); 
dermis of skin; lining of body cavity 
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A Figure 14.8 Development of the frog gastrula 

cells that will form ectoderm (blue) spread downward over 
more of the surface of the embryo, and the cells that will form 
mesoderm (red) begin to spread into a thin layer inside the em- 
bryo, forming a middle layer between the other two. 

As shown at the bottom of the figure, gastrulation is com- 
pleted when cell migration has resulted in a three-layered em- 
bryo. Ectoderm covers most of the surface. Mesoderm forms a 
layer between the ectoderm and the endoderm. 

Although gastrulation differs in detail from one animal 
group to another, the process is driven by the same general 
mechanisms in all species. The timing of these events also 
varies with the species. In many frogs, for example, cleavage 
and gastrulation together take about 15-20 hours. 

? The first two phases of embryonic development are , 

which forms the blastula, followed by , which forms 

the . 
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CHAPTER 14 



Reviewing the Concepts 

Asexual and Sexual Reproduction (14.1-14.2) 

14.1 Asexual reproduction results in the generation of genetically 
identical offspring. Asexual reproduction can proceed by budding, 
fission, or fragmentation/regeneration and enables one individual 
to produce many offspring rapidly. 

14.2 Sexual reproduction results in the generation of genetically 
unique offspring. Sexual reproduction involves the fusion of 
gametes from two parents, resulting in genetic variation among 
offspring. This may enhance survival of a population in a 
changing environment. 

Human Reproduction (14.3-14.6) 

14.3 Reproductive anatomy of the human female. The human 
reproductive system consists of a pair of ovaries (in females) or /' 
testes (in males), ducts that carry gametes, and structures for 
copulation. A woman's ovaries contain follicles that nurture eggs 
and produce sex hormones. Oviducts convey eggs to the uterus, 
where a fertilized egg develops. The uterus opens into the vagina, 
which receives the penis during intercourse and serves as the 

birth canal. 

14.4 Reproductive anatomy of the human male. A mans testes 
produce sperm, which are expelled through ducts during 
ejaculation. Several glands contribute to the formation of fluid 
that nourishes and protects sperm. 

14.5 The formation of sperm and egg cells requires meiosis. 

Spermatogenesis and oogenesis produce sperm and eggs, 
respectively. Primary spermatocytes are made continuously in the 
testes; these diploid cells undergo meiosis to form four haploid 
sperm. In females, each month, one primary oocyte forms a 
secondary oocyte, which, if penetrated by a sperm, completes 
meiosis and becomes a mature egg. The haploid nucleus of the 
mature egg then fuses with the haploid nucleus of the sperm, 
forming a diploid zygote. 



Oogenesis ■ •'.•Spermatogenesis^ 




Principles of Embryonic Development (14.6-14.8) 

14.6 Fertilization results in a zygote and triggers embryonic 
development. During fertilization, a sperm releases enzymes that 
pierce the egg's coat. Sperm surface proteins bind to egg receptor 
proteins, sperm and egg plasma membranes fuse, and the two nuclei 
unite. Changes in the egg membrane prevent entry of additional 
sperm, and the fertilized egg (zygote) develops into an embryo. 

14.7 Cleavage produces a ball of cells from the zygote. Cleavage 
is a rapid series of cell divisions that results in a blastula. 

14.8 Gastrulation produces a three-iayered embryo. In 

gastrulation, cells migrate and form a rudimentary digestive 
cavity and three layers of cells. 
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Turns into the corpus luteum 


a. 


vas deferens 


5. 


Female gonad 


b. 


prostate gland 


6. 


Site of spermatogenesis 


c. 


endometrium 


7. 


Site of fertilization in humans 


d. 


testis 


8. 


Site of human gestation 


e. 


follicle 


9. 


Sperm duct 


f. 


uterus 


10. 


Secretes seminal fluid 


g- 


ovary 


11. 


Lining of uterus 


h. 


oviduct 



Describing, Comparing, and Explaining 

12. Compare sperm formation with egg formation. In what ways 
are the processes similar? In what ways are they different? 

Answers to all questions can be found in Appendix 1. 



Testing Your Knowledge 

Multiple Choice 

1. After a sperm penetrates an egg, it is important that the 
vitelline layer separate from the egg so that it can 

a. secrete important hormones. 

b. enable the fertilized egg to implant in the uterus. 

c. prevent more than one sperm from entering the egg. 

d. attract additional sperm to the egg. 

e. activate the egg for embryonic development. 

2. In an experiment, a researcher colored a bit of tissue on the 
outside of a frog gastrula with an orange fluorescent dye. 
The embryo developed normally. When the tadpole was 
placed under an ultraviolet light, which of the following 
glowed bright orange? (Explain your answer.) 

a. the heart d. the stomach 

b. the pancreas. e. the liver- 

c. the brain 

3. How does a zygote-differ from a mature egg? ■ 

■ . a. - A- zygote .has more chromosomes.; .. . . -,.\ . 

b. A zygote is smaller. 

c. A zygote consists of more than one cell. 

d. A zygote is much larger. 

e. A zygote divides by meiosis. 
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Plant Structure and 
Reproduction 



BIG IDEAS 




Plant Structure and 
Function 

(15.1-15.4) 

Plant bodies contain 
specialized cells grouped into 
tissues, organs, and 
organ systems. 



■ w 




Reproduction of 
Flowering Plants 

(15.5-15.9) 

Sexual reproduction in 
angiosperms involves 
pollination, development of 
fruit and seeds, seed dispersal, 
germination, and growth. 
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Plant Structure and Function 



15.1 The two major groups of angiosperms are the monocots and the eudicots 



Angiosperms have dominated the land for over 100 million 
years, and there are about 250,000 known species of flower- 
ing plants living today. Most of our foods come from a few 
hundred domesticated species of flowering plants. Among 
these foods are roots, such as beets and carrots; the fruits of 
trees and vines, such as apples, nuts, berries, and squashes; 
the fruits and seeds of legumes, such as peas and beans; 
and grains, the fruits of grasses such as wheat, rice, and 
corn (maize). 

On the basis of several structural features, plant biologists 
(also called botanists) traditionally placed most angiosperms 
into two groups, called monocots and dicots. The names 
monocot and dicot refer to the first leaves on the plant 
embryo. These embryonic leaves are called seed leaves, or 
cotyledons. A monocot embryo has one seed leaf; a dicot 
embryo has two seed leaves. The great majority of dicots, 
called the eudicots ("true" dicots), are related, having di- 
verged from a common ancestor about 125 million years ago; 
a few smaller groups of dicots have developed independently. 
In this chapter, we will focus on monocots and eudicots 
(Figure 15.1). 

Monocots are a large group of related plants that include 
the orchids, bamboos, palms, and lilies, as well as the grains 
and other grasses. You can see the single cotyledon inside the 
seed on the top left in Figure 15.1. The leaves, stems, flowers, 
and roots of monocots are also distinctive. Most monocots 
have leaves with parallel veins. Monocot stems have vascular 
tissues (internal tissues that transport water and nutrients) 
organized into bundles that are arranged in a scattered 



pattern. The flowers of most monocots have their petals 
and other parts in multiples of three. Monocot roots form 
a shallow fibrous system— a mat of threads— that spreads 
out below the soil surface. With most of their roots in the 
top few centimeters of soil, monocots, especially grasses, 
make excellent ground cover that reduces erosion. Fibrous 
root systems are well adapted to shallow soils where rainfall 
is light. 

Most flowering shrubs and trees are eudicots, such as the 
majority of our ornamental plants and many of our food 
crops, including nearly all of our fruits and vegetables. You 
can see the two cotyledons of a typical eudicot in the seed 
on the lower left in Figure 15.1. Eudicot leaves have a multi- 
branched network of veins, and eudicot stems have vascular 
bundles arranged in a ring. Eudicot flowers usually have 
petals and other parts in multiples of four or five. The large, 
vertical root of a eudicot, which is known as a taproot, goes 
deep into the soil, as you know if you've ever tried to pull up 
a dandelion. Taproots are well adapted to soils with deep 
groundwater. 

As we saw in the preceding unit on animals, a close 
look at a structure often reveals its function. Conversely, 
function provides insight into the "logic" of a structure. 
In the modules that follow, we'll take a detailed look at the 
correlation between plant structure and function. 

9 The terms monocot and eudicot refer to the number of 

on the developing embryo in a seed. 
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A Figure 15.1 A comparison of monocots and eudicots 
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15.2 A typical plant body contains three basic organs: roots, stems, and leaves 



Plants, like most animals, have organs composed of different 
tissues, which in turn are composed of one or more cell types. 
An organ consists of several types of tissues that together 
carry out particular functions. In this module we'll focus on 
plant organs. We will then work our way down the structural 
hierarchy and examine plant tissues (in Module 15.3) and 
cells (in Module 15.4). 

The basic structure of plants reflects their developmental 
history as land-dwelling organisms. Most plants must draw 
resources from two very different environments: They must 
absorb water and minerals from the soil, while simultaneously 
obtaining C0 2 and light from above ground. The subterranean 
roots and aerial shoots (stems and leaves) of a typical land 
plant, such as the generalized flowering plant shown in 
Figure 15.2, perform these vital functions. Neither roots nor 
shoots can survive without the other. Lacking chloroplasts and 
living in the dark, most roots would starve without sugar and 
other organic nutrients transported from the photosynthetic 
leaves of the shoot system. Conversely, stems and leaves 
depend on the water and minerals absorbed by roots. 

A plant's root system anchors it in the soil, absorbs and 
transports minerals and water, and stores food. Near the root 
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A Figure 15.2 The body plan of a flowering plant (a eudicot) 



tips, a vast number of tiny tubular projections called root 
hairs enormously increase the root surface area for 
absorption of water and minerals. As shown on the far 
right of the figure, each root hair is an extension of an 
epidermal cell (a cell in the outer layer of the root). It is 
difficult to move an established plant without injuring it 
because transplantation often damages the plant's delicate 
root hairs. 

The shoot system of a plant is made up of stems, 
leaves, and adaptations for reproduction, which in 
angiosperms are the flowers. (We'll return to flowers in 
Module 15.5.) The stems are the parts of the plant that 
are generally above the ground and that support and 
separate the leaves (thereby promoting photosynthesis) 
and flowers (responsible for reproduction). In the case of 
a tree, the stems are the trunk and all the branches, 
including the smallest twigs. A stem has nodes, the points 
at which leaves are attached, and internodes, the portions 
of the stem between nodes. The leaves are the main 
photosynthetic organs in most plants, although green 
stems also perform photosynthesis. Most leaves consist 
of a flattened blade and a stalk, or petiole, which joins the 
leaf to a node of the stem. 

The two types of buds in the figure are undeveloped 
shoots. When a plant stem is growing in length, the 
terminal bud (also called the apical bud), at the apex (tip) 
of the stem has developing leaves and a compact series of 
nodes and internodes. The axillary buds, one in each of 
the angles formed by a leaf and the stem, are usually dor- 
mant. In many plants, the terminal bud produces hormones 
that inhibit growth of the axillary buds, a phenomenon 
called apical dominance. By concentrating resources 
on growing taller, apical dominance is a developmental 
adaptation that increases the plant's exposure to light. 
This is especially important where vegetation is dense. 
However, branching is also important for increasing the 
• exposure of the sh'oot.system to the environment, and under 
.. ■certain -conditions',- the axillary buds begin growing. Some -' 
develop into shoots bearing flowers, and others become 
nonreproductive branches complete with their own terminal 
buds, leaves, and axillary buds. Removing the terminal 
bud usually stimulates the growth of axillary buds. 
This is why pruning fruit trees and "pinching 
back" houseplants makes them bushier. 

The drawing in Figure 15.2 gives an 
overview of plant structure, but it by no means 
represents the enormous diversity of an- 
giosperms. Next, let's look briefly at some varia- 
tions on the basic themes of root and stem 
structure. 



f Name the two organ systems and three basic 
organs found in typical plants. 
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15.3 Three tissue systems make up the plant body 



Like the organs of most animals, the organs of plants contain 
tissues with characteristic functions. A tissue is a group of 
cells that together perform a specialized function. For exam- 
ple, xylem tissue contains water-conducting cells that convey 
water and dissolved minerals upward from the roots, while 
phloem tissue contains cells that transport sugars and other 
organic nutrients from leaves or storage tissues to other 
parts of the plant. 

Each plant organ — root, stem, or leaf— has three types of 
tissues: dermal, vascular, and ground tissues. Each of these 
three categories forms a tissue system, a functional unit con- 
necting all of the plants organs. Each tissue system is continu- 
ous throughout the entire plant body, but the systems are 
arranged differently in leaves, stems, and roots (Figure 15.3). 
In this module, we examine the tissue systems of young roots 
and shoots. Later we will see that the tissue systems are some- 
what different in older roots and stems. 

The dermal tissue system (brown in the figure) is the 
plant's outer protective covering. Like our own skin, it forms 
the first line of defense against physical damage and infec- 
tious organisms. In many plants, the dermal tissue system 
consists of a single layer of tightly packed cells called the 
epidermis. The epidermis of leaves and most stems has a 
waxy coating called the cuticle, which helps prevent water 
loss. The second tissue system is the vascular tissue system 
(purple). It is made up of xylem and phloem tissues and pro- 
vides support and long-distance transport between the root 
and shoot systems. Tissues that are neither dermal nor vascu- 
lar make up the ground tissue system (yellow). It accounts 
for most of the bulk of a young plant, filling the spaces 
between the epidermis and vascular tissue system. Ground 
tissue internal to the vascular tissue is called pith, and 
ground tissue external to the vascular tissue is called cortex. 
The ground tissue system has diverse functions, including 
photosynthesis, storage, and support. 

The close-up views on the right side of Figure 15.3 show 
how these three tissue systems are organized in typical plant 
.; roots, stems,.and leaves. The.view at the bottom left shows . 
in cross section the three tissue systems in a young eudicot 
root. Water and minerals that are absorbed from the soil must 
enter through the epidermis. In the center of the root, the vas- 
cular tissue system forms a vascular cylinder, with the cross 
sections of xylem cells radiating from the center like spokes of 
a wheel and phloem cells filling in the wedges between the 
spokes. The ground tissue system of the root, the region be- 
tween the vascular cylinder and epidermis, consists entirely of 
cortex. The cortex cells store food as starch and take up min- 
erals that have entered the root through the epidermis. The 
innermost layer of the cortex is the endodermis, a cylinder 
one cell thick. The endodermis is a selective barrier, determin- 
ing which substances pass between the rest of the cortex and 
the vascular tissue (as you'll see in Module 16.2). 

The bottom right of Figure 15.3 shows a cross section of 
a young monocot root. There are several similarities to the 



eudicot root: an outer layer of epidermis (dermal tissue) 
surrounding a large cortex (ground tissue), with a vascular 
cylinder (vascular tissue) at the center. But in a monocot root, 
the vascular tissue consists of a central core of cells surrounded 
by a ring of xylem and a ring of phloem. 

As the center of Figure 15.3 indicates, the young stem of a 
eudicot looks quite different from that of a monocot. Both 
stems have their vascular tissue system arranged in numerous 
vascular bundles. However, in monocot stems the bundles are 
scattered, whereas in eudicots they are arranged in a ring. This 
ring separates the ground tissue into cortex and pith regions. 
The cortex fills the space between the vascular ring and the 
epidermis. The pith fills the center of the stem and is often 
important in food storage. In a monocot stem, the ground 
tissue is not separated into these regions because the vascular 
bundles don't form a ring. 

The top of Figure 15.3 illustrates the arrangement of the 
three tissue systems in a typical eudicot leaf. The epidermis is 
interrupted by tiny pores called stomata (singular, stoma), 
which allow exchange of C0 2 and 2 between the surrounding 
air and the photosynthetic cells inside the leaf. Also, most of 
the water vapor lost by a plant passes through stomata. Each 
stoma is flanked by two guard cells, which regulate the open- 
ing and closing of the stoma. 

The ground tissue system of a leaf, called the mesophyll, is 
sandwiched between the upper and lower epidermis. Mesophyll 
consists mainly of cells specialized for photosynthesis. The 
green structures in the diagram are their chloroplasts. In this 
eudicot leaf, notice that cells in the lower area of mesophyll are 
loosely arranged, with a labyrinth of air spaces through which 
C0 2 and 2 circulate. The air spaces are particularly large in the 
vicinity of stomata, where gas exchange with the outside air oc- 
curs. In many monocot leaves and in some eudicot leaves, the 
mesophyll is not arranged in distinct upper and lower areas. 

In both monocots and eudicots, the leaf's vasculartissue 
system is made up of a network of veins. As you can see in 
Figure. 15/3 i: .each vein is a vascular bundle composed of xylem . 
■ .and phloem- tissues surrounded by a protective sheath.pf cells. . . 
The veins' xylem and phloem, continuous with the vascular 
bundles of the stem, are in close contact with the leaf's photo- 
synthetic tissues. This ensures that those tissues are supplied 
with water and mineral nutrients from the soil and that sugars 
made in the leaves are transported throughout the plant. The 
vascular structure also functions as a skeleton that reinforces 
the shape of the leaf. 

In the previous modules, we have examined plant structure 
at the level of organs and tissues. In the next module, we will 
complete our descent into the structural hierarchy of plants by 
taking a look at plant cells. 

"9 For each of the following structures in your body, name the 
most analogous plant tissue system: circulatory system, skin, 
adipose tissue (body fat). 
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A Figure 15.3 The three tissue systems 
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15.4 Plant cells are diverse in structure and function 



In addition to features shared with other eukaryotic cells 
(see Module 3.3), most plant cells have three unique structures 
(Figure 15.4A): chloroplasts, the sites of photosynthesis; a 
central vacuole containing fluid that helps maintain cell turgor 
(firmness); and a protective cell wall made from the structural 
carbohydrate cellulose surrounding the plasma membrane. 

The enlargement on the right in Figure 15.4A highlights 
the adjoining cell walls of two cells. Many plant cells, espe- 
cially those that provide structural support, have a two-part 
cell wall; a primary cell wall is laid down first, and then a more 
rigid secondary cell wall forms between the plasma mem- 
brane and the primary wall. The primary walls of adjacent 
cells in plant tissues are held together by a sticky layer called 
the middle lamella. Pits, where the cell wall is relatively thin, 
allow migration of water between adjacent cells. Plasmodes- 
mata are open channels in adjacent cell walls through which 
cytoplasm and various molecules can flow from cell to cell. 

The structure of a plant cell and the nature of its wall often 
correlate with the cell's main functions. As you consider the 
five major types of plant cells shown in Figures 15.4B-15.4F, 
notice the structural adaptations that make their specific 
functions possible. 

Parenchyma cells (Figure 15.4B) are the most abundant 
type of cell in most plants. They usually have only primary cell 
walls, which are thin and flexible. Parenchyma cells perform 
most metabolic functions of a plant, such as photosynthesis, 
aerobic respiration, and food storage. Most parenchyma cells 
can divide and differentiate into other types of plant cells 
under certain conditions, such as during the repair of an 
injury. In the laboratory, it is even possible to regenerate an 
entire plant from a single parenchyma cell. 

Collenchyma cells (Figure 15.4C) resemble parenchyma 
cells in lacking secondary walls, but they have unevenly 
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thickened primary walls. These cells provide flexible support 
in actively growing parts of the plant; young stems and peti- 
oles often have collenchyma cells just below their surface 
(the "string" of a celery stalk, for example). These living cells 
elongate as stems and leaves grow. 

Sclerenchyma cells (Figure 15.4D) have thick secondary 
cell walls usually strengthened with lignin, the main chemical 
component of wood. Mature sclerenchyma cells cannot elon- 
gate and thus are found only in regions of the plant that have 
stopped growing in length. When mature, most sclerenchyma 
cells are dead, their cell walls forming a rigid "skeleton" that 

supports the plant much as steel beams 
do in the interior of a building. 

Figure 15.4D shows two types 
of sclerenchyma cells. One, called a 
fiber, is long and slender and is usually 
arranged in bundles. Some plant 
tissues with abundant fiber cells are 
commercially important; hemp fibers, 
for example, are used to make rope and 
clothing. Sclereids, which are shorter 
than fiber cells, have thick, irregular, 
and very hard secondary walls. Scle- 
reids impart the hardness to nutshells 
and seed coats and the gritty texture to 
the soft tissue of a pear. 

The xylem tissue of angiosperms 
includes two types of water-conducting 
cells: tracheids and vessel elements. 
Both have rigid, lignin-containing 
secondary cell walls. As Figure 15.4E 
shows, the tracheids are long, thin 
cells with tapered ends. Vessel 
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elements are wider, shorter, and less tapered. Chains of 
tracheids or vessel elements with overlapping ends form a 
system of tubes that conveys water from the roots to the 
stems and leaves as part of xylem tissue. The tubes are hollow 
because both tracheids and vessel elements are dead when 
mature, with only their cell walls remaining. Water passes 
through pits in the walls of tracheids and vessel elements 
and through openings in the end walls of vessel elements. 
With their thick, rigid walls, these cells also function in 
support. 

Food-conducting cells, known as sieve-tube elements (or 
sieve-tube members), are also arranged end to end, forming 
tubes as part of phloem tissue (Figure 15.4F). Unlike water- 
conducting cells, however, sieve-tube elements remain alive at 
maturity, though they lose most organelles, including the 
nucleus and ribosomes. This reduction in cell contents enables 
nutrients to pass more easily through the cell. The end walls 
between sieve-tube elements, called sieve plates, have pores 
that allow fluid to flow from cell to cell along the sieve tube. 
Alongside each sieve-tube element is at least one companion 
cell, which is connected to the sieve-tube element by numer- 
ous plasmodesmata. One companion cell may serve multiple 
sieve-tube elements by producing and transporting proteins to 
all of them. . . 

. Now that we have reached the lowest level in the. structural 
hierarchy of plants— cells— let s review by moving back up. Cells 
of plants are grouped into tissues with characteristic functions. 
For example, xylem tissue contains water-conducting cells 
that convey water and dissolved minerals upward from the 
roots as well as sclerenchyma cells, which provide support, and 
parenchyma cells, which store various materials. Xylem and 
phloem tissues are organized into the vascular tissue system, 
which provides structural support and long-term transport 
throughout the plant body. The vascular, dermal, and ground 
tissue systems connect all the plant organs: roots, stems, and 
leaves. This review completes our survey of basic plant anatomy. 
Next, we examine how plants grow. 

? Identify which of the following cell types can give rise to all 
others in the list: collenchyma, sclereid, parenchyma, vessel 
element, companion cell. 
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Reproduction of Flowering Plants 



15.5 The flower is the organ of sexual reproduction in angiosperms 



It has been said that an oak tree is merely an acorns way of 
making more acorns. Indeed, developmental fitness for any 
organism is measured only by its ability to produce healthy, 
fertile offspring. Thus, from an developmental viewpoint, all 
the structures and functions of a plant can be interpreted as 
mechanisms contributing to reproduction. In the remaining 
modules, we explore the reproductive biology 
of angiosperms, beginning here with a 
brief overview. 

Flowers, the reproductive 
shoots of angiosperms, can 
vary greatly in shape 
(Figure 15. 5A). Despite 
such variation, nearly 
ff all flowers contain 
four types of modi- 
fied leaves called 
floral organs: sepals, 
petals, stamens, 
and carpels 
(Figure 15.5B). 
The sepals, 
which 
enclose and 
protect the 
flower bud, 
are usually 
green and 
more leaflike 
than the other 
floral organs (picture 
the green at the base of a 
rosebud). The petals are often colorful and advertise the ' 
flower to pollinators. The stamens and carpels are the 
reproductive organs, containing the sperm and eggs, ' 
respectively ■■ '"-<■; .•• ;• : . • • •• -. : -/ 

A stamen consists of a stalk (filament) tipped by an 
anther. Within the anther are sacs in which 
pollen is produced via meiosis. Pollen grains 
house the cells that develop into sperm. 

A carpel has a long slender neck (style) 
with a sticky stigma at its tip. The stigma is the 
landing platform for pollen. The base of the carpel 
is the ovary, which contains one or more ovules, each 
containing a developing egg and supporting cells. The 
term pistil is sometimes used to refer to a single carpel or a 
group of fused carpels. 

Figure 15.5C shows the life cycle of a generalized 
angiosperm. ft Fertilization occurs in an ovule within a 
flower. As the ovary develops into a fruit, ' 15 the ovule 
develops into the seed containing the embryo. The fruit 
protects the seed and aids in dispersing it. Completing the 
life cycle, # the seed then germinates (begins to grow) in a 
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suitable habitat; |§) the embryo develops into a seedling; and 
the seedling grows into a mature plant. 

In the next four modules, we examine key stages in the 
angiosperm sexual life cycle in more detail. We will see that 
there are a number of variations in the basic themes 
presented here. 
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15.6 The development of pollen and ovules culminates in fertilization 



The life cycles of plants are characterized by an alternation of gen- 
erations, in which haploid («) and diploid (2«) generations take 
turns producing each other. The roots, stems, leaves, and most 
of the reproductive structures of angiosperms are diploid. The 
diploid plant body is called the sporophyte. A sporophyte pro- 
duces special structures, the anthers and ovules, in which cells 
undergo meiosis to produce haploid cells called spores. Each spore 
then divides via mitosis and becomes a multicellular gametophyte, 
the plants haploid generation. The gametophyte produces gametes 
by mitosis. At fertilization, gametes from the male and female 
gametophytes unite, producing a diploid zygote. The life cycle is 
completed when the zygote divides by mitosis and develops into a 
new sporophyte. In angiosperms, the sporophyte is the dominant 
generation: It is larger, more obvious, and longer-living than the 
gametophyte. In this module, we take a microscopic look at the 
gametophytes of a flowering plant. 

Pollen grains are the male gametophytes. The cells that develop 
into pollen grains are found within a flowers anthers (top left in 
Figure 15.6). Each cell first undergoes meiosis, forming four hap- 
loid spores. Each spore then divides by mitosis, forming two hap- 
loid cells, called the tube cell and the generative cell. The generative 
cell passes into the tube cell, and a thick waD forms around them. 
The resulting pollen grain is ready for release from the anther. 

Moving to the top right of the figure, we can follow the devel- 
opment of the flower parts that form the female gametophyte and 
eventually the egg. In most species, the ovary of a flower contains 
several ovules, but only one is shown here. An ovule contains a 
central cell (gold) surrounded by a protective covering of smaller 
cells (yellow). The central cell enlarges and undergoes meiosis, 
producing four haploid spores. Three of the spores usually de- 
generate, but the surviving one enlarges and divides by mitosis, 
producing a multicellular structure known as the embryo sac. 
Housed in several layers of protective cells (yellow) produced by 
the sporophyte plant, the embryo sac is the female gametophyte. 
The sac contains a large central cell with two haploid. nuclei. One 
of its other cells is the haploid egg, ready to be fertilized. 

The first step leading to fertilization is. pollination (at the cen- 
ter of the figure), the delivery, of poMen, frfjm.anth§r. to, stigma. .: . 
' Most angiosperms depend on insects, b'irdsj or other animals to 
transfer pollen. Most major crops rely on insects, mainly bees. But 
the pollen of some plants— such as grasses and many trees— is 
windborne (as anyone bothered by pollen allergies knows). 

After pollination, the pollen grain germinates on the stigma. Its 
tube cell gives rise to the pollen tube, which grows downward into 
the ovary. Meanwhile, the generative ceU divides by mitosis, form- 
ing two sperm. When the pollen tube reaches the base of the 
ovule, it enters the ovary and discharges its two sperm near the 
embryo sac. One sperm fertilizes the egg, forming the diploid zy- 
gote. The other contributes its haploid nucleus to the large diploid 
central cell of the embryo sac. This cell, now with a triploid (3«) 
nucleus, will give rise to a food-storing tissue called endosperm. 

The union of two sperm cells with different nuclei of the em- 
bryo sac is called double fertilization, and the resulting produc- 
tion of endosperm is unique to angiosperms. Endosperm will 
develop only in ovules containing a fertilized egg, thereby pre- 
venting angiosperms from squandering nutrients. 
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A Figure 15.6 Gametophyte development and fertilization in an angiosperm 
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15.7 The ovule develops into a seed 



After fertilization, the ovule, containing the triploid central 
cell and the diploid zygote, begins developing into a seed. As 
the embryo develops from the zygote, the seed stockpiles pro- 
teins, oils, and starch to varying degrees, depending on the 
species. This is what makes seeds such a major source of nu- 
trition for many animals. 

As shown in Figure 15.7A, embryonic development 
begins when the zygote divides by mitosis into two cells. 
Repeated division of one of the cells then produces a ball of 
cells that becomes the embryo. The other cell divides to form 
a thread of cells that pushes the embryo into the endosperm. 
The bulges you see on the embryo are the developing cotyle- 
dons. You can tell that the plant in this drawing is a eudicot, 
since it has two cotyledons. 

The result of embryonic development in the ovule is a ma- 
ture seed (Figure 15.7A, bottom right). Near the end of its 
maturation, the seed loses most of its water and forms a hard, 
resistant seed coat (brown). The embryo, surrounded by its 
endosperm food supply (gold), becomes dormant; it will not 
develop further until the seed germinates. Seed dormancy, 
a condition in which growth and development are suspended 
temporarily, is a key developmental adaptation. Dormancy 
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allows time for a plant to disperse its seeds and increases the 
chance that a new generation of plants will begin growing 
only when environmental conditions, such as temperature 
and moisture, favor survival. 

The dormant embryo contains a miniature root and shoot, 
each equipped with an apical meristem. After the seed 
germinates, the apical meristems will sustain primary growth 
as long as the plant lives. Also present in the embryo are the 
three tissues that will form the epidermis, cortex, and pri- 
mary vascular tissues. 

Figure 15.7B contrasts the internal structures of eudicot 
and monocot seeds. In the eudicot (a bean), the embryo, is 
an elongated structure with two thick cotyledons (tan). 
The embryonic root develops just below the point at which . • 
i,the cotyledons are attached .to the rest of the. embryo. The ; • . 
embryonic shoot, tipped by a pair of miniature embryonic 
leaves, develops just above the point of attachment. The 
bean seed contains no endosperm because its cotyledons 
absorb the endosperm nutrients as the seed forms. The 
nutrients start passing from the cotyledons to the embryo 
when it germinates. 

A kernel of corn, an example of a monocot, is actually a 
fruit containing one seed. Everything you see in the drawing 
is the seed, except the kernel's outermost covering. The cov- 
ering is dried fruit tissue, the former wall of the ovary, and is 
tightly bonded to the seed coat. Unlike the bean, the corn 
seed contains a large endosperm and a single, thin cotyledon. 
The cotyledon absorbs the endosperm's nutrients during 
germination. Also unlike the bean, the embryonic root and 
shoot in corn each have a protective sheath. 

V What is the role of the endosperm in a seed? 
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15.8 The ovary develops into a fruit 




In the previous two modules, we followed the angiosperm life 
cycle from the flower on the sporophyte plant through the trans- 
formation of an ovule into a seed. While the seeds are developing 
from ovules, hormonal changes triggered by fertilization cause 
the flowers ovary to thicken and mature into a fruit. A fruit is a 
specialized vessel that houses and protects seeds and helps dis- 
perse them from the parent plant. Although a fruit typically con- 
sists of a mature ovary, it can include other 
flower parts as well. A pea pod is a fruit, as 
is a peach, orange, tomato, cherry, or 
corn kernel. 
. •> The photographs in 
Figure 15.8A illustrate the 
changes in a pea plant leading 
to pod formation. Q Soon after 
pollination, Q the flower drops 
its petals, and the ovary starts to 
grow. The ovary expands tremen- 
dously, and its wall thickens, @ 
forming the pod, or fruit, which 
holds the peas, or seeds. 

Figure 15.8B matches the parts 
of a pea flower with what they be- 
f^^. come in the pod. The wall of the 
^r^ttST' ovary becomes the pod. The 

1 ^fiik ovules, within the ovary, develop 

I into the seeds. The small, thread- 

I iBk 'ike structure at the end of the 

I ^1 pod is what remains of the upper 

I T part of the flowers carpel. The 

I sepals of the flower often stay at- 

tached to the base of the green 
pod. Peas are usually harvested at 
this stage of fruit development. If 
the pods are allowed to develop 
further, they become dry and 
brownish and will split open, Releasing the seeds. 
' AsshownintheexampleshfFigure 15.8C, : mature fruits 
can be either fleshy or dry. Oranges, plums, and grapes are 
examples of fleshy fruits, in which the wall of the ovary 
becomes soft during ripening. Dry fruits include beans, nuts, 
and grains. The dry, wind-dispersed fruits of grasses, harvested 
while on the plant, are major staple foods for humans. The 
cereal grains of wheat, rice, corn, and other grasses, though 
easily mistaken for seeds, are each actually a fruit with a dry 
outer covering (the former wall of the ovary) that adheres to 
the seed coat of the seed within. 

Various adaptations of fruits help disperse seeds. The seeds 
of some flowering plants, such as dandelions and maples, are 
contained within fruits that function like kites or propellers, 
adaptations that enhance dispersal by wind. Some fruits, such 
as coconuts, are adapted to dispersal by water. And many 
angiosperms rely on animals to carry seeds. Some of these 
plants have fruits modified as burrs that cling to animal 
fur (or the clothes of humans). Other angiosperms produce - 
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A Figure 15.8C A collection of fleshy (top) and dry (bottom) fruits 

edible fruits, which are usually nutritious, sweet tasting, and 
vividly colored, advertising their ripeness. When an animal 
eats the fruit, it digests the fruits fleshy part, but the tough 
seeds usually pass unharmed through the animal's digestive 
tract. Animals may deposit the seeds, along with a supply of 
fertilizer, kilometers from where the fruit was eaten. 
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15.9 Seed germination continues the life cycle 



The germination of a seed is often used to symbolize the begin- 
ning of life, but as we have seen, the seed already contains a 
miniature plant, complete with embryonic root and shoot. 
Thus, at germination, the plant does not begin life but rather 
resumes the growth and development that were temporarily 
suspended during seed dormancy. 

Germination usually begins when the seed takes up water. 
The hydrated seed expands, rupturing its coat. The inflow of 
water triggers metabolic changes in the embryo that make it 
start growing again. Enzymes begin digesting stored nutrients 
in the endosperm or cotyledons, and these nutrients are trans- 
ported to the growing regions of the embryo. 

The figures below trace germination in a eudicot (a garden 
bean) and a monocot (corn). In Figure 15.9A, notice that 
the embryonic root of a bean emerges first and grows down- 
ward from the germinating seed. Next, the embryonic shoot 
emerges, and a hook forms near its tip. The hook protects the 
delicate shoot tip by holding it downward, rather than pushing 
it up through the abrasive soil. As the shoot breaks through the 
soil surface, its tip is lifted gently out of the soil as exposure to 



light stimulates the hook to straighten. The first foliage leaves 
then expand from the shoot tip and begin making food by 
photosynthesis. The cotyledons emerge from the soil and 
become leaflike photosynthetic structures. In many other 
plants, such as peas, the cotyledons remain behind in the soil 
and decompose. 

Corn and other monocots use a different mechanism for 
breaking ground at germination (Figure 15.9B). A protective 
sheath surrounding the shoot pushes upward and breaks 
through the soil. The shoot tip then grows up through the 
tunnel provided by the sheath. The corn cotyledon remains 
in the soil and decomposes. 

In the wild, only a small fraction of fragile seedlings 
endure long enough to reproduce. Production of enormous 
numbers of seeds compensates for the odds against individual 
survival. 

1 Which meristems provide additional cells for early growth of 
a seedling after germination? 
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CHAPTER 15 REVIEW 



Reviewing the Concepts 

Plant Structure and Function (15.1-15.4) 

15.1 The two major groups of angiosperms are the 
monocots and the eudicots. These two groups differ in the 
number of seed leaves and the structure of roots, stems, leaves, 
and flowers. 

15.2 A typical plant body contains three basic organs: roots, 
stems, and leaves. The structure of a flowering plant allows it to 
draw resources from both soil and air. 



Shoot system 

(site of { 
photosynthesis) 



Root syste ii 

(ancho 
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. 



Terminal bud (grows stem) 
Flower (reproductive organ) 

Stem (supports leaves and flowers) 
Axillary bud (produces a branch) 
Node 
Internode 

Blade l Leaf (main organ of 

, f photosynthesis) 
PetioleJ 

Root hairs 
(microscopic; 
increase surface 
area for absorption) 
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15.3 Three tissue systems make up the plant body. Roots, 
stems, and leaves are each made up of dermal, vascular, and 
ground tissues. Dermal tissue covers and protects the plant. In 
leaves, dermal tissue has stomata, pores with guard cells that 
regulate exchange of gases and water vapor with the environment. 
The vascular tissue system contains xylem and phloem, which 
function in support and transport. Xylem conveys water and 
dissolved minerals, and phloem transports sugars. The ground 
tissue system functions in storage, photosynthesis, and 
support. 

15.4 Plant cells are diverse in structure and function. The major 
types of plant cells are parenchyma, collenchyma, sclerenchyma 
(including fiber and sclereid cells), water-conducting cells 
(tracheids and vessel elements), and food-conducting 

cells (sieve-tube elements). 

Reproduction of Flowering Plants (15.5-15.9) 

15.5 The flower is the organ of sexual reproduction in 
angiosperms. The angiosperm flower consists of sepals, 
petals, stamens, and carpels. Pollen grains develop in anthers, 
at tips of stamens. The tip of the carpel, the stigma, receives 
pollen grains. The ovary, at the carpel's base, houses the 
egg-producing ovule. 



Pollen (n) 




Ovary 



Embryo 
sac (n) L 




Ovule 



Fertilization 

within ovule 



Fruit (from ovary) 
Seed (from ovule) - 
Embryo (In) 




Germinating 
seed (2n) 



15.6 The development of pollen and ovules culminates in 
fertilization. Haploid spores are formed within ovules and 
anthers. The spores in 



anthers give rise to male 
gametophytes— pollen 
grains— which produce 
sperm. A spore in an ovule 
produces the embryo sac, 
the female gametophyte. 
Each embryo sac has an 
egg cell. Pollination is the 
arrival of pollen grains 
onto a stigma. A pollen 

tube grows into the ovule, and sperm pass through it and fertilize 
both the egg and a second cell. This process is called double 
fertilization. 

15.7 The ovule develops into a seed. After fertilization, the 
ovule becomes a seed, and the fertilized egg within it divides and 




Endosperm 
nucleus (3n) 
(2 polar nuclei 
plus sperm) 



Zygote (2n) 
(egg plus 
sperm nucleus) 



becomes an embryo. The other fertilized cell develops into the 
endosperm, which stores food for the embryo 

15.8 The ovary develops into a fruit. Fruits help protect and 
disperse seeds. 

15.9 Seed germination continues the life cycle. A seed starts 
to germinate when it takes up water and expands. The embryo 
resumes growth and absorbs nutrients from the endosperm. 
An embryonic root emerges, and a shoot pushes upward and 
expands its leaves. 

Connecting the Concepts 

1. Create a diagram that shows the relationships between the 
following: root system, root hairs, shoot system, leaves, 
petioles, blades, stems^nodes, internodes, flowers. 

Testing Your Knowledge 

Multiple Choice 

2. Which of the following is closest to the center of a woody 
stem? {Explain your answer.) 

a. vascular cambium d. primary xylem 

b. primary phloem e. secondary xylem 

c. secondary phloem 

3. A pea pod is formed from . A pea inside the pod is 

formed from . 

a. an ovule ... a carpel d. an anther ... an ovule 

b. an ovary ... an ovule e. endosperm ... an ovary 

c. an ovary ... a pollen grain 

4. While walking in the woods, you encounter an unfamiliar non- 
woody flowering plant. If you want to know whether it is a 
monocot or eudicot, it would not help to look at the 

a. number of seed leaves, or cotyledons, present in its seeds. 

b. shape of its root system. 

c. number of petals in its flowers. 

d. arrangement of vascular bundles in its stem. 

e. size of the plant. 

5. In angiosperms, each pollen grain produces two sperm. What 
do these sperm do? 

a. Each one fertilizes a separate egg cell. 

b. One fertilizes an egg, and the other fertilizes the fruit. 

c. One fertilizes an egg, and the oth^r is kept in reserve. 
. d. Both fertilize a single egg cell. ... 

e. One fertilizes an egg, and the other fertilizes a cell that 
develops into stored food. 



Matching 






6. Attracts pollinator 


a. 


pollen grain 


7. Develops into seed 


b. 


ovule 


8. Protects flower before it opens 


c. 


anther 


9. Produces sperm 


d. 


ovary 


10. Produces pollen 


e. 


sepal 


11. Houses ovules 


f. 


petal 



Describing, Comparing, and Explaining 

12. How does a fruit develop from a flower? 

13. What part of a plant are you eating when you consume each 
of the following: celery stalk, peanut, strawberry, lettuce, 
beet? 

Answers to all questions can be found in Appendix 1. 
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The Uptake and Transport 
of Plant Nutrients 

(16.1) 

Plants absorb and transport 
substances— such as water, 
minerals, C0 2 , and sugar- 
required for growth. 




Plant Nutrients 
and the Soil 

(16.2-16.3) 

Plants require many essential 
minerals for proper health. 
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Plant Nutrition 
and Symbiosis 

(16.4) 

Plants have developed 
relationships with bacteria, 
fungi, animals, and other 
plants. 



168 Introduction to Biology 

The Uptake and Transport of Plant Nutrients 



16.1 Plants acquire nutrients from air, water, and soil 



Watch a plant grow from a tiny seed, and you can't help 
wondering where all the mass comes from. If you had to 
take a guess, what would you think is the source of the raw 
materials that make up a plants body? Soil? Water? Air? 

Aristotle thought that soil provided all the substance for 
plant growth. The 17th-century physician Jan Baptista van 
Helmont performed an experiment to test this hypothesis. He 
planted a willow seedling in a pot containing 91 kg of soil. After 
five years, the willow had grown into a tree weighing 76.8 kg, 
but only 0.06 kg of soil had disappeared from the pot. Van Hel- 
mont concluded that the willow had grown mainly from added 
water. A century later, an English physiologist named Stephen 
Hales postulated that plants are nourished mostly by air. 

As it turns out, there is truth in all these early hypotheses 
about plant nutrition; air, water, and soil all contribute to plant 
growth (Figure 16.1A). A plant's leaves absorb carbon dioxide 
(C0 2 ) from the air; in fact, about 96% of a plant's dry weight is 
organic (carbon-containing) material built mainly from C0 2 . 
Meanwhile, a plant gets water (H 2 0), minerals, and some 
oxygen (0 2 ) from the soil. 

What happens to the materials a plant takes up from the air 
and soil? The sugars that a plant makes by photosynthesis are 
composed of the elements carbon, oxygen, and hydrogen. In 
Chapter 6, we saw that the carbon and oxygen used in photo- 
synthesis come from atmospheric C0 2 and that the hydrogen 
comes from water molecules. Plant cells use the sugars made by 



, A ) 
i (7 > Light 




photosynthesis in constructing all the other organic materials 
they need, but primarily for carbohydrates. The trunk of the 
giant sequoia tree in Figure 16.1B, for instance, consists mainly 
of sugar derivatives, such as the cellulose of cell walls. 

Plants use cellular respiration to break down some of the 
sugars they make, obtaining energy from them in a process 
that consumes 2 . A plant's leaves take up some 2 from the 
air, but Figure 16.1 A does not show this because plants are 
actually net producers of 2 , giving off more of this gas than 
they use. When water is split during photosynthesis, O, gas is 
produced and released through the leaves. The O, being taken 
up from the soil by the plants roots in Figure 16.1 A is actually 
atmospheric 2 that has diffused into the soil; it is used in 
cellular respiration in the roots themselves. 

A plant's ability to move water from its roots to its leaves 
and its ability to deliver sugars to specific areas of its body are 
staggering feats of developmental engineering. Figure 16. IB 
highlights an extreme example; the topmost leaves of a giant 
sequoia can be over 100 m (300 feet) above the roots. In the 
next modules, we follow the movement of water, dissolved 
mineral nutrients, and sugar throughout the plant body. 



"> What inorganic substance is obtained in the greatest 
quantities from the soil? 
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▼ Figure 16. IB A giant sequoia, a product of photosynthesis 




Plant Nutrients and the Soil 
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16.2 Plant health depends on a complete diet of essential inorganic nutrients 



In contrast to animals, which require a diet of complex or- 
ganic (carbon-containing) foods, plants survive and grow 
solely on C0 2 and inorganic substances (that is, plants are 
autotrophs; see Module 6.1). The ability of plants to assimi- 
late C0 2 from the air, extract water and inorganic ions from 
the soil, and synthesize organic compounds is essential not 
only to the survival of plants but also to the survival of 
humans and other animals. 

A chemical element is considered an essential element 
if a plant must obtain it from its environment to complete 
its life cycle— that is, to grow from a seed and produce 
another generation of seeds. A method called hydroponic 
culture can be used to determine which chemical elements 
are essential nutrients. As shown in Figure 16.2, plants are 
grown without soil by bathing the roots in mineral solutions. 
Air is bubbled into the water to give the roots oxygen for 
cellular respiration. By omitting a particular element from 
the medium, a researcher can test whether that element is 
essential to the plant. 

If the element left out of the solution is an essential 
nutrient, then the incomplete medium will make the plant 




Complete solution containing Solution lacking 

all minerals (control) potassium (experimental) 

A Figure 16.2 A hydroponic culture experiment 



abnormal in appearance compared with control plants 
grown on a complete nutrient medium. The most common 
symptoms of a nutrient deficiency are stunted growth and 
discolored leaves. Hydroponic culture studies have helped 
identify 17 essential elements needed by all plants. Most 
research has involved crop plants and houseplants; little is 
known about the nutritional needs of uncultivated plants. 

Nine of the essential elements are called macronutrients 
because plants require relatively large amounts of them. 
Six of the nine macronutrients— carbon, oxygen, hydrogen, 
nitrogen, sulfur, and phosphorus — are the major ingredients 
of organic compounds forming the structure of a plant. 
These six elements make up almost 98% of a plant's 
dry weight. The other three macronutrients— calcium, 
potassium, and magnesium— make up another 1.5%. 

How does a plant use calcium, potassium, and magne- 
sium? Calcium has several functions. For example, it is 
important in the formation of cell walls, and it combines 
with certain proteins to form the glue that holds plant 
cells together in tissues. Calcium also helps maintain the 
structure of cell membranes and helps regulate their selective 
permeability. Potassium is crucial as a cofactor required for 
the activity of several enzymes. A cofactor is an atom or 
molecule that cooperates with an enzyme in catalyzing a 
reaction. Potassium is also the main solute for osmotic 
regulation in plants. Potassium ion movements regulate the 
opening and closing of stomata. Magnesium is a component 
of chlorophyll and thus essential for photosynthesis. 

Elements that plants need in very small amounts are 
called micronutrients. The eight known micronutrients are 
chlorine, iron, manganese, boron, zinc, copper, nickel, and 
molybdenum. Micronutrients function in plants mainly as 
cofactors. Iron, for example, is a component of cytochromes, 
proteins in the electron transport chains of chloroplasts and 
mitochondria. Micronutrients can generally.be used over and 
over,..so plants.need only minute quantities oftheseelements. 
The requirement for molybdenum, for example, is so modest 
that there is only one atom of this rare element for every 
60 million atoms of hydrogen in dried plant material. Yet a 
deficiency of molybdenum or any other micronutrient can 
weaken or kill a plant. 



f You conduct an experiment like the one in Figure 16.6 to test 
~~ whether a certain plant species requires a particular chemical 

element as a micronutrient. Why is it important that the 

glassware be completely clean? 
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16.3 Fertile soil supports plant growth 

Along with climate, the major factor determining whether a 
plant can grow well in a particular location is the quality of the 
soil. Fertile soil can support abundant plant growth by provid- 
ing conditions that enable plant roots to absorb water and dis- 
solved nutrients. 

Distinct layers of soil are visible in a road cut or deep hole, 
such as the cross section shown in Figure 16.3A. You can see 
three distinct soil layers, called horizons, in the cut. The A hori- 
zon, or topsoil, is subject to extensive weathering (freezing, 
drying, and erosion, for example). Topsoil is a mixture of rock 
particles of various sizes, living organisms, and humus, the 
remains of partially decayed organic material produced by the 
decomposition of dead organisms, feces, fallen leaves, and other 
organic matter by bacteria and fungi. The rock particles provide 
a large surface area that retains water and minerals while also 
forming air spaces containing oxygen that can diffuse into plant 
roots. Fertile topsoil is home to an astonishing number— about 
5 billion per teaspoon— and variety of bacteria, algae and other 
protists, fungi, and small animals such as earthworms, round- 
worms, and burrowing insects. Along with plant roots, these 
organisms loosen and aerate the soil and contribute organic 
matter to the soil as they live and die. Nearly all plants depend 
on bacteria and fungi in the soil to break down organic matter 
into inorganic molecules that roots can absorb. Besides provid- 
ing nutrients, humus also tends to retain water while keeping 
the topsoil porous enough for good aeration of the plant roots. 
Topsoil is rich in organic materials and is therefore most impor- 
tant for plant growth. Plant roots branch out in the A horizon 
and usually extend into the next layer, the B horizon. 

The soil's B horizon contains many fewer organisms and 
much less organic matter than the topsoil and is less subject to 




weathering. Fine clay particles and nutrients dissolved in soil 
water drain down from the topsoil and often accumulate in 
the B horizon. The C horizon is composed mainly of partially 
broken-down rock that serves as the "parent" material for the 
upper layers of soil. 

Figure 16.3B illustrates the intimate association between a 
plants root hairs, soil water, and the tiny particles of topsoil. The 
root hairs are in direct contact with the water that surrounds the 
particles. The soil water is not pure but a solution containing 
dissolved inorganic ions. Oxygen diffuses into the water from 
small air spaces in the soil. Roots absorb this soil solution. 

Cation exchange is a mechanism by which the root hairs 
take up certain positively charged ions (cations). Inorganic 
cations— such as calcium (Ca 2+ ), magnesium (Mg 2+ ), and 
potassium (K + )— adhere by electrical attraction to the nega- 
tively charged surfaces of clay particles. This adhesion helps 
prevent these positively charged nutrients from draining 
away during heavy rain or irrigation. In cation exchange 
(Figure 16.3C), root hairs release hydrogen ions (H + ) into 
the soli solution. The hydrogen ions displace cations on the 
clay particle surfaces, and root hairs can then absorb them. 

In contrast to cations, negative ions (anions)— such as 
nitrate (NO,-)— are usually not bound tightly by soil particles. 
Unbound ions are readily available to plants, but they tend to 
drain out of the soil quickly due to irrigation or rainfall. If they 
do, the soil may become deficient in nitrogen. 

It may take centuries for a soil to become fertile through the 
breakdown of rock and the accumulation of 
organic material. 

How do roots actively increase the 
availability of mineral nutrients that 
are cations? 
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A Figure 16.3A Three soil horizons visible 
beneath grass 
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A Figure 16.3B A close-up view of 
root hairs in soil 
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A Figure 16.3C Cation exchange 
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16.4 Most plants depend on bacteria to supply nitrogen 



Nitrogen deficiency is the most common nutritional 
problem in plants. This is puzzling when you consider that 
the atmosphere is nearly 80% nitrogen. But even though 
plants are bathed in gaseous nitrogen (N 2 ), they cannot 
absorb it directly from the air. To be used by plants, N 2 
must be converted to ammonium (NH 4 + ) or nitrate (N0 3 
Within soil, ammonium and nitrate are produced from 
atmospheric N, or from organic matter by bacteria. As shown 
in Figure 16.4, certain soil bacteria, called nitrogen-fixing 
bacteria, convert atmospheric N 2 to ammonia (NH 3 ), a meta- 
bolic process called nitrogen fixation. In soil, ammonia picks 
up an H + to form an ammonium ion (NH 4 + ). A second group 
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of bacteria, called ammonifying bacteria, adds to the soil's 
supply of ammonium by decomposing organic matter. 

Plant roots can absorb nitrogen as ammonium. However, 
plants acquire their nitrogen mainly in the form of nitrate 
(N0 3 "), which is produced in the soil by a third group of soil 
bacteria called nitrifying bacteria. After nitrate is absorbed by 
roots, enzymes within plant cells convert the nitrate back to am- 
monium, which is then incorporated into amino acids. Thus, 
were it not for soil bacteria, most plants would starve for nitro- 
gen even though they are surrounded by it in huge quantities. 

*) What is the danger in applying a compound that kills bacteria 
to the soil around plants? 
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A Figure 16.4 The roles of bacteria in supplying nitrogen to plants 
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Reviewing the Concepts 

The Uptake and Transport of Plant Nutrients (16.1) 

16.1 Plants acquire nutrients from air, water, and soil. As a plant 
grows, its roots absorb water, minerals (inorganic ions), and some 
2 from the soil. Its leaves take in carbon dioxide from the air. 

Plant Nutrients and the Soil (16.2-16.3) 

16.2 Plant health depends on a complete diet of essential 
inorganic nutrients. A plant must obtain usable sources of the 
chemical elements— inorganic nutrients— it requires from its 
surroundings. Macronutrients, such as carbon and nitrogen, 
are needed in large amounts, mostly to build organic molecules. 
Micronutrients, including iron and zinc, act mainly as cofactors 
of enzymes. 



16.3 Fertile soil supports plant growth. Fertile soil contains a mix- 
ture of small rock and clay particles that hold water and ions and 
also allow 2 to diffuse into plant roots. Humus (decaying organic 
material) provides nutrients and supports the growth of organisms 
that enhance soil fertility. Anions (negatively charged ions), such 
as nitrate (N(V), are readily available to plants because they are 
not bound to soil particles. However, anions tend to drain out of 
soil rapidly. Cations (positively charged ions), such as K + , adhere 
to soil particles. In cation exchange, root hairs release H + , which 
displaces cations from soil particles; the root hairs then absorb the 
free cations. 
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Plant Nutrition and Symbiosis (16,4) 

16.4 Most plants depend on bacteria to supply nitrogen. 

Relationships with other organisms help plants obtain nutrients. 
Bacteria in the soil convert atmospheric N 2 to forms that can be 
used by plants. 
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Connecting the Concepts 

1 . Fill in the blanks in this concept map to help you tie together 
key concepts concerning transport in plants. 




1 




1 If 


(e) 


(f) 




1 



Testing Your Knowledge 

Multiple Choice 

2. Plants require the smallest amount of which of the following 
nutrients? 

a. oxygen 

b. phosphorus 

c. carbon 

d. iron 

e. hydrogen 

3. Which of the following activities of soil bacteria does not 
contribute to creating usable nitrogen supplies for plant use? 

a. the fixation of atmospheric nitrogen 

b. the conversion of ammonium ions to nitrate ions 

c. the decomposition of dead animals 

d. the assembly of amino acids into proteins 

e. the generation of ammonium from proteins in dead leaves 

4. By trapping insects, carnivorous plants obtain , which 

they need . (Pick the best answer.) 

a. water . . . because they live in dry soil 

b. nitrogen ... to make sugar 

c. phosphorus ... to make protein 

d. sugars . . . because they can't make enough by photosynthesis 

e. nitrogen ... to make protein 

Applying the Concepts 

5. Acid rain contains an excess of hydrogen ions (H + ). One 
effect of acid rain is to deplete the soil of plant nutrients such 
as calcium (Ca 2+ ), potassium (K + ), and magnesium (Mg 2t ). 
Offer a hypothesis to explain why acid rain washes these 
nutrients from the soil. How might you test your hypothesis? 

6. In some situations, the application of nitrogen fertilizer 

to crops has to be increased each year because the fertilizer 
decreases the rate of nitrogen fixation in the soil. Propose 
a hypothesis to explain this phenomenon. Describe a test 
for your hypothesis. What results would you expect from 
your test? 

Answers to all questions can be found in Appendix 1. 
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Chapter 1 

1. The vertical scale of biology refers to the hierarchy of bio- 
logical organization: from molecules to organelles, cells, 
tissues, organs, organ systems, organisms, populations, 
communities, ecosystems, and the biosphere. At each level, 
emergent properties arise from the interaction and organi- 
zation of component parts. The horizontal scale of biology 
refers to the incredible diversity of living organisms, past 
and present, including the 1.8 million species that have 
been named so far. Biologists divide these species into 
three domains— Bacteria, Archaea, and Eukarya— and 
organize them into kingdoms and other groups that 
attempt to reflect evolutionary relationships. 

2. a. life; devolution; c. natural selection; d. unity of life; 
e. three domains (or numerous kingdoms; 1.8 million 
species) 

3. d 4. c 5. e (You may have been tempted to choose b, the mo- 
lecular level. However, protists may have chemical communi- 
cation or interactions with other protists. No protists, 
however, have organs.) 6. d 7. c 8. b 9. d 

10. Both energy and chemical nutrients are passed through an 
ecosystem from producers to consumers to decomposers. 
But energy enters an ecosystem as sunlight and leaves as 
heat. Chemical nutrients are recycled from the soil or at- 
mosphere through plants, consumers, and decomposers 
and returned to the air, soil, and water. 

11. In pursuit of answers to questions about nature, a scientist 
uses a logical thought process involving these key elements: 
observations about natural phenomena, questions derived 
from observations, hypotheses posed as tentative explana- 
tions of observations, logical predictions of the outcome of 
tests if the hypotheses are correct, and actual tests of hy-' 
potheses. Scientific research is not a rigid method because 
a scientist must adapt these processes to the set of condi- 
tions particular to each study. Intuition; charic'e, and tuck ' 
are also part of science. 

12. Technology is the application of scientific knowledge. For 
example, the use of solar power to run a calculator or heat 
a home is an application of our knowledge, derived by the 
scientific process, of the nature of light as a type of energy 
and how light energy can be converted to other forms of 
energy. Another example is the use of DNA to insert new 
genes into crop plants. This process, often called genetic 
engineering, stems from decades of scientific research on 
the structure and function of DNA from many kinds of 
organisms. 

13. a. Hypothesis: Giving rewards to mice will improve their 

learning. Prediction: If mice are rewarded with food, 
they will learn to run a maze faster, 
b. The control group was the mice that were not rewarded. 
Without them, it would be impossible to know if the 



mice that were rewarded decreased their time running 
the maze only because of practice. 

c. Both groups of mice should not have run the maze be- 
fore and should be about the same age. Both experiments 
should be run at the same time of day and under the 
same conditions. 

d. Yes, the results fail to falsify the hypothesis because 
data show that the rewarded mice began to run the 
maze faster by day 3 and improved their perfor- 
mance (ran faster than the control mice) each day 
thereafter. 

14. The researcher needed to compare the number of 
attacks on artificial king snakes with attacks on artificial 
brown snakes. It may be that there were simply more 
predators in the coral snake areas or that the predators H 
were hungrier than the predators in the other areas. X 
The experiment needed a control and proper data q 
analysis. z 

15. If these cell division control genes are involved in produc- jjj 
ing the larger tomato, they may have similar effects if trans- Q. 
ferred to other fruits or vegetables. Cancer is a result of ^ 
uncontrolled cell division. One could see if there are simi- 
larities between the tomato genes and any human genes 

that could be related to human development or disease. 
The control of cell division is a fundamental process in 
growth, repair, and asexual reproduction— all important 
topics in biology. 

16. Virtually any news report or magazine contains stories 
that are mainly about biology or at least have biological 
connections. How about biological connections in 
advertisements? 

Chapter 2 

1. Carbon forms four covalent bonds, either with other carbon 
atomsi-producing chains or rings of various lengths and 

' sha'p'es76r' : with'btlier ai6m's;-Such as'c'haracteristic chemical" 
groups that confer specific properties on a molecule. This is 
the basis for the incredible diversity of organic compounds. 
Organisms can link a small number of monomers into differ- 
ent arrangements to produce a huge variety of polymers. 

2. a. glucose; b. energy storage; c. cellulose; d. fats; e. cell 
membrane component; f. steroids; g. amino group; h. car- 
boxyl group; i. R group; j. enzyme; k. structural protein; 1. 
movement; m. hemoglobin; n. defense; o. phosphate group; 
p. nitrogenous base; q. ribose or deoxyribose; r. DNA; 

s. code for proteins 

3. d (The second kind of molecule is a polymer of the first.) 
4.c 5.d 6.c 7. a 8.b 9. e 10. d 

11. Fats (triglycerides)— energy storage. Phospholipids— major 
components of membranes. Steroids— cholesterol is a compo- 
nent of animal cell membranes; other steroids function as 
hormones. 
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12. Weak bonds that stabilize the three-dimensional structure of a 
protein are disrupted, and the protein unfolds. Function de- 
pends on shape, so if the protein is the wrong shape, it won't 
function properly. 

13. Proteins are made of 20 amino acids arranged in many differ- 
ent sequences into chains of many different lengths. Genes, 
defined stretches of DNA, dictate the amino acid sequences of 
proteins in the cell. 

14. Proteins function as enzymes, which catalyze chemical reac- 
tions. They also function in structure, movement, transport, 
defense, signaling, signal reception, and storage of amino 
acids (see Module 2.12). 

15. The sequence of nucleotides in DNA is transcribed into a se- 
quence of nucleotides in RNA, which determines the se- 
quence of amino acids that will be used to build a polypeptide. 
Proteins mediate all the activities of a cell; thus, by coding for 
proteins, DNA controls the functions of a cell. 

16. This is a hydrolysis reaction, which consumes water. It is es- 
sentially the reverse of the diagram in Figure 2.5, except that 
fructose has a different shape than glucose. 

17. Circle NH 2 , an amino group; COOH, a carboxyl group; and 
OH, a hydroxyl group on the R group. This is an amino acid, 
a monomer of proteins. The OH group makes it a polar 
amino acid. 

18. a. A: at about 37°C; B: at about 78°C. 

b. A: from humans (human body temperature is about 37°C); 
B; from thermophilic bacteria. 

c. Above 40°C, the human enzyme denatures and loses its 
shape and thus its function. The increased thermal energy 
disrupts the weak bonds that maintain secondary and terti- 
ary structure in an enzyme. 

19. Silicon has four electrons in its outer electron shell, as does 
carbon. One would predict that silicon could thus form com- 
plex molecules by binding with four partners. Neon has a 
filled outer shell and is nonreactive. Sulfur can only form two 
covalent bonds and thus would not have the versatility of car- 
bon or silicon. 

-••Chapter^-"-- •• -~- v: '-- ; ' ■ 

1. a. nucleus; b. nucleolus; c. ribosomes; d. Golgi apparatus; 
e. plasma membrane; f. mitochondrion; g. cytoskeleton; 

h. peroxisome; i.centriole; j.lysosome; k. rough endoplas- 
mic reticulum; I. smooth endoplasmic reticulum. For func- 
tions, see Table 3.15. 

2. flagellum or cilia (some plant sperm cells have flagella), lyso- 
some, centriole (involved with microtubule formation) 

3. chloroplast, central vacuole, cell wall 

4. b 5. d 6. e 7. a 8.c 9.b 10. d 11. c 12. d 

13. DNA as genetic material, ribosomes, plasma membrane, and 
cytoplasm 



14. Tight junctions form leakproof sheets of cells. Anchoring 
junctions link cells to each other; they form strong sheets of 
cells. Gap junctions are channels through which small mol- 
ecules can move from cell to cell. 

15. Both process energy. A chloroplast converts light energy to 
chemical energy (sugar molecules). A mitochondrion converts 
chemical energy (food molecules) to another form of chemical 
energy (ATP). 

16. Different conditions and conflicting processes can occur si- 
multaneously within separate, membrane-enclosed compart- 
ments. Also, there is increased area for membrane-attached 
enzymes that carry out metabolic processes. 

17. Cilia may propel a cell through its environment or sweep a 
fluid environment past the cell. 

18. A protein inside the ER is packaged inside transport 
vesicles that bud off the ER and then join to the Golgi 
apparatus. A transport vesicle containing the finished pro- 
tein product then buds off the Golgi and travels to and 
joins with the plasma membrane, expelling the protein 
from the cell. 

19. Part true, part false. AD animal and plant cells have mitochon- 
dria; plant cells but not animal cells have chloroplasts. 

20. The plasma membrane is a phospholipid bilayer with the hy- 
drophilic heads facing the aqueous environment on both 
sides and the hydrophobic fatty acid tails mingling in the cen- 
ter of the membrane. Proteins are embedded in and attached 
to this membrane. Microfilaments form a three-dimensional 
network just inside the plasma membrane. The extracellular 
matrix outside the membrane is composed largely of glyco- 
proteins, which may be attached to membrane proteins called 
integrins. Integrins can transmit information from the ECM 
to microfilaments on the other side of the membrane. 

21. Individuals with PCD have nonfunctional cilia and flagella 
due to a lack of dynein motor proteins. This defect would also 
mean that the cilia involved in left-right pattern formation in 
the embryo would not be able to set up the fluid flow that ini- 
tiates the normal arrangement of organs. 

22. A single layer of.phosphplipid.s surrounding the oil droplet 
would have their hydrophobic fatty acid tails associated with 
the hydrophobic oil and their hydrophilic heads facing the 
aqueous environment of the cell outside the droplet. 




head of 
phospholipid 
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Chapter 4 

1. a. active transport; b. concentration gradient; c. small 
nonpolar molecules; d. facilitated diffusion; e. transport 
proteins 

2. a. enzyme; b. active site of enzyme; c. substrate; 

d. substrate in active site; induced fit strains substrate 
bonds; e. substrate converted to products; f. product 
molecules released; enzyme is ready for next catalytic cycle 

3. b 4. d 5. c (Only active transport can move solute against 
a concentration gradient.) 6. d 7. b 

8. Aquaporins are water transport channels that allow for 
very rapid diffusion of water through a cell membrane. 
They are found in cells that have high water transport 
needs, such as blood cells, kidney cells, and plant cells. 

9. The work of cells falls into three main categories: mechanical, 
chemical, and transport. ATP provides the energy for cellu- 
lar work by transferring a phosphate group to a protein 
(movement and transport) or to a substrate (chemical). 

10. Energy is stored in the chemical bonds of organic 
molecules. The barrier of E A prevents these molecules 
from spontaneously breaking down and releasing that 
energy. When a substrate fits into an enzymes active site 
with an induced fit, its bonds may be strained and thus 
easier to break, or the active site may orient two substrates 
in such a way as to facilitate the reaction. 

11. Cell membranes are composed of a phospholipid 
bilayer with embedded proteins. The bilayer creates the 
hydrophobic boundary between cells and their surround- 
ings (or between organelles and the cytoplasm). The 
proteins perform the many functions of membranes, such 
as enzyme action, transport, attachment, and signaling. 

12. Inhibitors that are toxins or poisons irreversibly inhibit key 
cellular enzymes. Inhibitors that are designed as drugs are 
beneficial, such as when they interfere with the enzymes 
of bacterial or viral invaders or cancer cells. Cells use 
feedback inhibition of enzymes in metabolic pathways 

as important mechanisms that conserve resources. 

13. Heating, pickling, and salting denature enzymes, "'" "' 
changing their shapes so they do not fit substrates. 
Freezing decreases the kinetic energy of molecules, so 
enzymes are less likely to interact with their substrates. 

14. a. The more enzyme present, the faster the rate of reaction, 

because it is more likely that enzyme and substrate 
molecules will meet. 
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b.The more substrate present, the faster the reaction, tor the 
same reason, but only up to a point. An enzyme molecule 
can work only so fast; once it is saturated (working at top 
speed), more substrate does not increase the rate. 
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15. The black curve on the left would correspond to the stomach 
enzyme pepsin, which has a lower optimal pH, as is found in 
the stomach; the red curve on the right would correspond to 
trypsin, which has a higher optimal pH. The curve for a lyso- 
somal enzyme should have an optimal pH at 4.5. 



Optimal pH for pepsin „ . 
(stomach enzyme) Optional pH 
for lysosomal 
enzyme 



Optimal pH for trypsin 
(intestinal 
enzyme) 
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Chapter 5 

1. a. glycolysis; b. citric acid cycle; c. oxidative phosphorylation; 
d. oxygen; e. electron transport chain; f. C0 2 ; g.H 2 

2. e 3. c (NAD + and FAD, which are recycled by electron trans- 
port, are in limited supply in a cell.) 4. e 5. d 6. c 7. b (at the 
same time NADH is oxidized to NAD + ) 8. a ' 

, . . 9. Glycolysis is considered the most ancient because it occurs 
;. ... in all living gells-and doesn't. require. oxygen or membrane- ,. 
enclosed organelles. 

10. Oxygen picks up electrons from the oxidation of glucose at the 
end of the electron transport chain. Carbon dioxide results 
from the oxidation of glucose. It is released in the oxidation of 
pyruvate and in the citric acid cycle. 

11. In lactic acid fermentation (in muscle cells), pyruvate is 
reduced by NADH to form lactate, and NAD + is recycled. 

12. As carbohydrates are broken down in glycolysis and the 
oxidation of pyruvate, glycerol can be made from G3P 
and fatty acids can be made from acetyl CoA. Amino 
groups, containing N atoms, must be supplied to various 
intermediates of glycolysis and the citric acid cycle to produce 
amino acids. 

13. 100 kcal per day is 700 kcal per week. On the basis of 
Figure 6.4, walking 3 mph would require f§ = about 2.8 hr; 
swimming, 1.7 hr; running, 0_.7 hr. 
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14. NAD + and FAD are coenzymes that are not used up during 
the oxidation of glucose. NAD + and FAD are recycled when 
NADH and FADH 2 pass the electrons they are carrying to the 
electron transport chain. We need a small additional supply to 
replace those that are damaged. 

15. a. No, this shows the blue color getting more intense. The re- 

action decolorizes the blue dye. 

b. No, this shows the dye being decolorized, but it also shows 
the three mixtures with different initial color intensities. The 
intensities should have started out the same, since all mix- 
tures used the same concentration of dye. 

c. Correct. The mixtures all start out the same, and then the 
ones with more succinate (reactant) decolorize faster. 

16. The presence of ATP synthase enzymes in prokaryotic plasma 
membranes and the inner membrane of mitochondria pro- 
vides support for the theory of endosymbiosis— that mito- 
chondria developed from an engulfed prokaryote that used 
aerobic respiration. 

Chapter 6 

1. a. electron transport chain; b. ATP synthase; c. fhylakoid 
space; d. stroma; e.ATP. The higher H + concentration is 
found in the intermembrane space of the mitochondrion and 
in the thylakoid space of the chloroplast. 

2. In mitochondria: a. Electrons come from food molecules. 

b. Electrons have high potential energy in the bonds in organic 
molecules, c. Electrons are passed to oxygen, which picks up 
H + and forms water. 

In chloroplasts: a. Electrons come from splitting of water. 

b. Light energy excites the electrons to a higher energy level. 

c. Electrons flow from water to the reaction-center chloro- 
phyll in photosystem II to the reaction-center chlorophyll 
in photosystem I to NADP + , reducing it to NADPH. 

In both processes: d. Energy released by redox reactions in the 
electron transport chain is used to transport H + across a 
membrane. The flow of H + down its concentration gradient 
back through ATP synthase drives the phosphorylation of 
ADP to make ATP. ' ' : '~ ' '■ ' • 

3. a. light energy; "B. light reactions;'' c. Calvin cycle; d.'0 2 ' '"' 
released; e. electron transport chain; f. NADPH; g. ATP; 

h. 3-PGA is reduced. 

4. c 5. c 6. a 7. c (NADPH and ATP from the light reactions are 
required by the Calvin cycle.) 8. d 9. e 10. b 11. c 

12. Light reactions: Light and water are inputs; ATP, NADPH, and 
2 are outputs. Calvin cycle: C0 2 , ATP, and NADPH are in- 
puts; G3P is the output. Also, ADP and NADP + are inputs to 
the light reactions and outputs of the Calvin cycle. 

13. The light reactions require ADP and NADP + , which are not 
recycled from ATP and NADPH when the Calvin cycle stops. 

14. Plants can break down the sugar for energy in cellular respira- 
tion or use the sugar as a raw material for making other or- 
ganic molecules. Excess sugar is stored as starch. 

15. Some issues and questions to consider: What are the risks 
that we take and costs we must pay if global warming con- 



tinues? How certain do we have to be that warming is 
caused by human activities before we act? What can we do 
to reduce C0 2 emissions? Is it possible that the costs 
and sacrifices of reducing C0 2 emissions might actually 
improve our lifestyle? 

16. Some issues and questions to consider: How much land 
would be required for large-scale conversion to biofuel 
production, and would that detract from land needed to 
produce food? Are there fertilizer needs and waste disposal 
issues with biofuel production? Is there a difference in net 
input and output of C0 2 between production and use of 
fossil fuels and production and use of biofuels? Which one 
offers a more long-term solution to energy needs? How do 
other alternative energy sources compare in cost, potential 
problems and pollution, and benefit? 



Chapter 7 

1. 
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Number-of chromosomal 
duplications 


i 


1 


Number of cell divisions 


i 


2 


Number of daughter cells 
produced 


2 


4 


Number of chromosomes in the 
daughter cells 


Diploid (2n) 


Haploid (n) 


How the chromosomes line up 
during metaphase 


Singly 


In tetrads 
(metaphase 1), then 
singly (metaphase II) 


Genetic relationship of the 
daughter cells to the parent cell 


Genetically 
identical 


Genetically 
unique 


Functions performed in the 
human body 


Growth, develop- 
ment, and repair 


Production of 
gametes 



2. c 3. a 4. b 5. c 6. e (A diploid cell would have an even 
number of chromosomes; the odd number suggests that meio- 
si'sl has been "completed. SisW chromatids are together only : 
in prophase and metaphase of meiosis II.) 7. c 8. b 9. c 
10. b 

11. Mitosis without cytokinesis would result in a single cell with 
two nuclei. Multiple rounds of cell division like this could pro- 
duce such a "megaceO." 

12. Interphase (for example, third column from left in micro- 
graph, third cell from top): Growth; metabolic activity; DNA 
synthesis. Prophase (for example, second column, cell at bot- 
tom): Chromosomes shorten and thicken; mitotic spindle 
forms. Metaphase (for example, first column, middle cell): 
Chromosomes line up on a plane going through the cell's 
equator. Anaphase (for example, third column, second cell 
from top): Sister chromatids separate and move to the poles of 
the cell. Telophase (for example, fourth column, fourth com- 
plete cell from top): Daughter nuclei form around chromo- 
somes; cytokinesis usually occurs. 
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13. A ring of microfilaments pinches an animal cell in two, a 
process called cleavage. In a plant cell, membranous vesicles 
form a disk called the cell plate at the midline of the parent 
cell, cell plate membranes fuse with the plasma membrane, 
and a cell wall grows in the space, separating the daughter 
cells. 

14. Some possible hypotheses: The replication of the DNA of the 
bacterial chromosome takes less time than the replication of 
the DNA in a eukaryotic cell. The time required for a growing 
bacterium to roughly double its cytoplasm is much less than 
for a eukaryotic cell. Bacteria have a cell cycle control system 
much simpler than that of eukaryotes. 

15. 1 cm 3 = 1,000 mm 3 , so 5,000 mm 3 of blood contains 5,000 X 
1,000 X 5,000,000 = 25,000,000,000,000, or 2.5 X 10 13 , 

red blood cells. The number of cells replaced each day = 
2.5 X 10 13 /120 = 2.1 X 10 11 cells. There are 24 X 60 X 60 = 
86,400 seconds in a day. Therefore, the number of cells re- 
placed each second = 2. 1 X 10 u /86,400 = about 2 X 10 6 , or 
2 million. Thus, about 2 million cell divisions must occur each 
second to replace red blood cells that are lost. 

Chapter 8 

1. a. alleles; b. loci; c. homozygous; d. dominant; e. recesive; 
f. incomplete dominance 

2. d 3. d (Neither parent is ruby-eyed, but some offspring are, so 
it is recessive. Different ratios among male and female off- 
spring show that it is sex-linked.) 4. e 

5. The parental gametes are WS and ws. Recombinant gametes 
are Ws and wS, produced by crossing over. 

6. Height appears to be a quantitative trait resulting from poly- 
genic inheritance, like human skin color. 

7. The genotype of the black short-haired parent rabbit is BBSS. 
The genotype of the brown long-haired parent rabbit is bbss. 

' The Fj rabbits will all be black and short-haired, BbSs. The F 2 
rabbits will be ~ black short-haired, ^ black long-haired, ^ . 
brown short-haired, and ^ brown long-haired. 

8. If the genes are not linked, the proportions among the 
offspring will be 25% gray red, 25% gray purple, 

25% black red, 25% black purple. The actual percentages 
show that the genes are linked. The recombination fre- 
quency is 6%. 

9. Start out by breeding the cat to get a population to work with. 
If the curl allele is recessive, two curl cats can have only curl 
kittens. If the allele is dominant, curl cats can have "normal" 
kittens. If the curl allele is sex-linked, ratios will differ in male 
and female offspring of some crosses. If the curl allele is auto- 
somal, the same ratios will be seen among males and females. 
Once you have established that the curl allele is dominant and 
autosomal, you can determine if a particular curl cat is true- 
breeding (homozygous) by doing a testcross with a normal 
cat. If the curl cat is homozygous, all offspring of the testcross 
will be curl; if heterozygous, half of the offspring will be curl 
and half normal. 



Chapter 9 

1. a. nucleotides; b. transcription; c. RNA polymerase; d.mRNA; 
e. rRNA; f.tRNA; g. translation; h.ribosomes; i. amino acids 

2. e 3.b 

4. Ingredients: Original DNA, nucleotides, several enzymes and 
other proteins, including DNA polymerase and DNA ligase. 
Steps: Original DNA strands separate at a specific site (origin 
of replication), free nucleotides hydrogen-bond to each strand 
according to base-pairing rules, and DNA polymerase cova- 
lently bonds the nucleotides to form new strands. New nu- 
cleotides are added only to the 3' end of a growing strand. 
One new strand is made in one continuous piece; the other 
new strand is made in a series of short pieces that are then 
joined by DNA ligase. Product: Two identical DNA molecules, 
each with one old strand and one new strand. 

5. A gene is the polynucleotide sequence with information for 
making one polypeptide. Each codon— a triplet of bases in 

DNA or RNA— codes for one amino acid. Transcription oc- H 
curs when RNA polymerase produces RNA using one strand ^ 
of DNA as a template. In prokaryotic cells, the RNA transcript — 
may immediately serve as mRNA. In eukaryotic cells, the z 
RNA is processed: A cap and tail are added, and RNA splicing LU 
removes introns and links exons together to form a continu- Q - 
ous coding sequence. A ribosome is the site of translation, or ^ 
polypeptide synthesis, and tRNA molecules serve as inter- 
preters of the genetic code. Each folded tRNA molecule has an 
amino acid attached at one end and a three-base anticodon at 
the other end. Beginning at the start codon, mRNA is moved 
relative to the ribosome a codon at a time. A tRNA with a 
complementary anticodon pairs with each codon, adding its 
amino acid to the polypeptide chain. The amino acids are 
linked by peptide bonds. Translation stops at a stop codon, 
and the finished polypeptide is released. The polypeptide folds 
to form a functional protein, sometimes in combination with 
other polypeptides. 

6. 




Chapter 10 

1. a. epithelial tissue; b. connective tissue; c. smooth muscle 
tissue; d. connective tissue; e. epithelial tissue 

The structure of the specialized cells in each type of tissue 
fits their function. For example, columnar epithelial cells 
are specialized for absorption and secretion; the fibers and 
cells of connective tissue provide support and connect the 
tissues. The hierarchy from cell to tissue to organ is evident 
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in this diagram. The functional properties of a tissue or 
organ emerge from the structural organization and coordi- 
nation of its component parts. The many projections of the 
lining of the small intestine greatly increase the surface 
area for absorption of nutrients. 

2. c 3. e 4. d 5. c 6. a 7. d 8. a 9. c 10. b 11. d 12. b 

13. Stratified squamous epithelium consists of many cell layers. 
The outer cells are flattened, filled with the protein keratin, 
and dead, providing a protective, waterproof covering for 
the body. Neurons are cells with long extensions that conduct 
signals to other cells, making multiple connections in the 
brain. Simple squamous epithelium is a single, thin layer of 
cells that allows for diffusion of gases across the lining of the 
lung. Bone cells are surrounded by a matrix that consists of 
fibers and mineral salts, forming a hard protective covering 
around the brain. 

14. Extensive exchange surfaces are often located within the body. 
The surfaces of the intestine, urinary system, and lungs are 
highly folded and divided, increasing their surface area for 
exchange. These surfaces interface with many blood capillar- 
ies. Not all animals have such extensive exchange surfaces. 
Animals with small, simple bodies or thin, flat bodies have a 
greater surface-to-volume ratio, and their cells are closer to the 
surface, enabling direct exchange between cells and the out- 
side environment. 

15. The ice water would cool the blood in your head, which 
would then circulate throughout your body. This effect would 
accelerate the return to a normal body temperature. If, how- 
ever, the ice water cooled the blood vessel that supplies the 
thermostat in your brain so that it sensed a decrease in tem- 
perature, this control center would respond by inhibiting 
sweating and constricting blood vessels in the skin, thereby 
slowing the cooling of your body. 

Chapter 11 

1. a. oral cavity— ingests and chews food; "b. salivary glands- 
produce saliva; c. liver— produces bile and processes 

■ nutrient-laden blood from intestines; ' d. gallbladder— - ' 
' stores* bile; e. "pancreas— produces 'digestive enzymes and~''"' : 
bicarbonate; f. rectum— stores feces before elimination; 

g. pharynx— site of openings into esophagus and trachea; 

h. esophagus— transports bolus to stomach by peristalsis; 

i. stomach— stores food, mixes food with acid, begins 
digestion of proteins; 

j. small intestine— digestion and absorption; k. large 
intestine— absorbs water, compacts feces; 1. anus- 
eliminates feces 

2. a. fuel, chemical energy; b. raw materials, monomers; 

c. essential nutrients; d. overnutrition or obesity; e. vitamins 
and minerals; f. essential amino acids; g. malnutrition 

3. e 4. b 5. d 6. e 



Chapter 12 

1. a. respiratory surface; b. circulatory system; c. lungs; 

d. hemoglobin; e. cellular respiration; f. negative pressure 
breathing; g. 2 

2. a. nasal cavity; b. pharynx; c. larynx; d. trachea; e. right 
lung; f. bronchus; g. bronchiole; h. diaphragm 

3. c 4. b 5. d 6. a 7. e 8.d 9. c 

10. Advantages of breathing air: It has a higher concentration of 
2 than water and is easier to move over the respiratory sur- 
face. Disadvantage of breathing air: Living cells on the respira- 
tory surface must remain moist, but breathing air dries out 
this surface. 

11. Nasal cavity, pharynx, larynx, trachea, bronchus, bronchiole, 
alveolus, through wall of alveolus into blood vessel, blood 
plasma, into red blood cell, attaches to hemoglobin, carried 
by blood through heart, blood vessel in muscle, dropped off 
by hemoglobin, out of red blood cell, into blood plasma, 
through capillary wall, through interstitial fluid, and into 
muscle cell. 

12. Both these effects of carbon monoxide interfere with cellular 
respiration and the production of ATP. By binding more 
tightly to hemoglobin, CO would decrease the amount of 2 
picked up in the lungs and delivered to body cells. Without 
sufficient 2 to act as the final electron acceptor, cellular respi- 
ration would slow. And by blocking electron flow in the elec- 
tron transport chain, cellular respiration and ATP production 
would cease. Without ATP, cellular work stops and cells and 
organisms die. 

13. Llama hemoglobin has a higher affinity for 2 than does 
human hemoglobin. The dissociation curve shows that its he- 
moglobin becomes saturated with 2 at the lower P Q , of the 
high altitudes to which llamas are adapted. At that P 0j , human 
hemoglobin is only 80% saturated. 

Chapter 13 

1. a. capillaries of head, chest, and arms; b. aorta; c. pulmonary- 

, v,^. 1 ?^.^^ f-.left 
atrium; g. left ventricle; h. aorta; I. capillaries of abdominal 
region and legs; j. inferior vena cava; k. right ventricle; 
1. right atrium; m. pulmonary vein; n. capillaries of right 
lung; o. pulmonary artery; p. superior vena cava 

See text Figure 13.2A for numbers and red vessels that carry 
oxygen-rich blood. 

3. c 4. c 5.e 6.b 

7. Pulmonary vein, left atrium, left ventricle, aorta, artery, arteri- 
ole, body tissue capillary bed, venule, vein, vena cava, right 
atrium, right ventricle, pulmonary artery, capillary bed in 
lung, pulmonary vein. 
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Chapter 14 

1. c 2. c (The outer layer in a gastrula is the ectoderm; of the 
choices given, only the brain develops from ectoderm.) 
3. a 4.e 5.g 6. d 7. h 8. f 9. a 10. b 11. c 

12. Both produce haploid gametes. Spermatogenesis produces 
four small sperm; oogenesis produces one large egg. In 
humans, the ovary contains all the primary oocytes at birth, 
while testes can keep making primary spermatocytes 
throughout life. Oogenesis is not complete until fertilization, 
but sperm mature without eggs. 

Chapter 15 

1. Here is one possible concept map: 
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d (The yasjcular .cambium forms to the.ouf.side of theprimary 
xylem. The secondary xylem forms between primary xylem 
and the vascular cambium. The secondary phloem and pri- 
mary phloem are outside the vascular cambium.) 3. b 4. e 
5.e 6.f 7.b 8,e 9. a 10. c 11. d 



12. Pollen is deposited on the stigma of a carpel, and a pollen 
tube grows to the ovary at the base of the carpel. Sperm 
travel down the pollen tube and fertilize egg cells in ovules. 
The ovules grow into seeds, and the ovary grows into the 
flesh of the fruit. As the seeds mature, the fruit ripens and 
falls (or is picked). 

13. Celery stalk: leaf stalk (petiole); peanut: seed (ovule); straw- 
berry: fruit (ripened ovary); lettuce: leaf blades; beet: root 

Chapter 16 

1. a. roots; b. xylem; c. sugar source; d. phloem; 
e. transpiration; f. sugar sink 

2. d 3.d 4.e 

5. Hypothesis: The hydrogen ions in acid precipitation displace 
positively charged nutrient ions from negatively charged clay 
particles. Test: In the laboratory, place equal amounts and 
types of soil in separate filters. The pore size of the filter must 
not allow any undissolved soil particles to pass through. 
Spray (to simulate rain) soil samples in the filters with solu- 
tions of different pH (for example, pH 5, 6, 7, 8, 9). Deter- 
mine the concentration of nutrient ions in the solutions. (The 
only variable in the solutions should be the hydrogen ion 
concentration. Ideally, the solutions would contain no dis- 
solved nutrient ions.) Collect fluid that drips through soil 
samples and filters. Determine the hydrogen ion concentra- 
tion and the nutrient ion concentration in each sample of 
fluid. Prediction: If the hypothesis is correct, the fluid col- 
lected from the soil samples exposed to pH lower than 5.6 
(acid rain) will contain the highest concentration of positively 
charged nutrient ions. 

6. Hypothesis: When fixed nitrogen levels increase to a certain 
level in the soil, it slows the metabolism of (or otherwise 
harms or kills) the nitrogen-fixing bacteria that provide usable 
nitrogen to the crops. Test: Expose cultures of nitrogen-fixing 
bacteria (symbiotic and nonsymbiotic ones found in soil) to 
solutions of different concentrations of fixed nitrogen (that is, 
N0 3 and NH 4 + ). Determine the concentrations of nitrogen- 
fixing enzymes produced by the surviving, bacteria in each 

: .sampk. EredicUQn^If your hypothesis is correct and the fixed- • - 
nitrogen concentration is high enough to cause harm in some 
of the samples, you would expect the enzyme concentration to 
be measurably lower in samples whose fixed nitrogen concen- 
tration is above the level that causes harm. 
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absorption The uptake of small nutrient molecules by an 
organism's own body; the third main stage of food processing, 
following digestion. 

- ■ L_iic jij J^'j J'- 1 *^ (JAojII J AjIIjII -Umjjjil 'Ui.j^l 

acid A substance that increases the hydrogen ion (H + ) 

concentration in a solution. 

.J J (H + ) oj^jj-^I jjjl JyS y t> Jjji SjU JxuJI 
acid precipitation Rain, snow, or fog that is more acidic -than 

pH 5.2. 

,p.H 5.2 l^ym 
acrosome (ak'-ruh-som) A membrane-enclosed sac at the tip 
of a sperm. The acrosome contains enzymes that help the 
sperm penetrate an egg. 

^y- : .<_£ jl ^J^ 3 J frUiij v_ili_o Jjkll jij'M^lt 
jli.1 Jc ^ jj-all jl jj^JI ^cLjij CjLu jjj Je JJall ^Jnnll 

actin A globular protein that links into chains, two of which 
twist helically around each other, forming microfilaments in 
muscle cells. 

J y>. J^*> (JSJij Jijij Lj-" JjjjI iJuiiLu (_Uol« ^ jjS (jjjjjj j±i£l 

activation energy The amount of energy that reactants must 
absorb before a chemical reaction will start. 



allergen (al'-er-jen) An antigen that causes an allergy 

4_lul i in l 1 



Jll AilJJI 4jA iuJmil 4iUa 

.JUu-ill 

active transport The movement of a substance across a 
biological membrane against its concentration gradient, aided 
by specific transport proteins and requiring an input of energy 
(often as ATP). 

jjS jjil jT JJ-lo j nil l\.jk\l\ Jili. j| j^ll 4£j-s. L,uu,ll JliJI 

.(ATP l&* M^) '.'^'l! 
adaptation An inherited characteristic that enhances an 
organisms ability to survive and reproduce in a particular 
environment. 

(jiujdl Jo lj^JI jMI Sj3 QjmVi Je <Jx*j AjjIjj 4_Lwali. I flj^"\1 l . 
. -- ■ .Ai«-a *Cuj JJl Jjll J. 

adenine (A) (ad'-uh-nen) A double-ring nitrogenous base 
found in DNA and RNA. 

.Ujllj Lull J J^jj vliikJl y> 'iin^jjlii 'ilcli (A) (IfcAi'M 

adhesion The attraction between different kinds of molecules. 

.CjUjjaJl <y> 4qln o £-1 _pi (joj Lj|i=JVI tjl^aiWI 
adipose tissue A type of connective tissue whose cells contain 
fat. 

jjAJ Jo UlpU. (_5 ji>J jll 5_«L^ll Ai^j^l t> ^ jj 4jjAj]| ixuuVI 

alcohol fermentation Glycolysis followed by the reduction of 
pyruvate to ethyl alcohol, regenerating NAD + and releasing 
carbon dioxide. 

. j_jjjSll AiuSi JIj C-jUuI j Uil ^Lul Sic) JI 
alimentary canal (al'-uh-men'-tuh-re) A complete digestive 
tract consisting of a tube running between a mouth and an 
anus. 

£ Jilt 4iJ3j j»ill (jAJ J^ii SUS jj< jjSll (J^IS (^uJaA (Jilu: Aoiljiil SUill 

allele (uh-le'-ul) An alternative version of a gene. 



allergy A disorder of the immune system caused by an 
abnormally high sensitivity to an antigen. Symptoms are 
triggered by histamines released from mast cells. 

AjjLt jib. 4 uJ hi -—liLjj JllJi-j A£.li<Jl j»Uii J Jii. A j. ,.l ...^ 1| 

Ll!)LiJl ^ i"n j'n /^LoUluuA Jlli. j« ^a\jc)j\ l^ii . ' ■ >»" - " 

alveolus (al-ve'-oh-lus) (plural, alveoli) One of the dead-end 
air sacs within the mammalian lung where gas exchange 
occurs. 

.*i j^Ji JjU3 i^ki 

amino acid (uh-men'-o) An organic molecule containing a 
carboxyl group and an amino group; serves as the monomer 
of proteins. 

amino group A chemical group consisting of a nitrogen atom 
bonded to two hydrogen atoms. 

ammonia NH 3 ; A small and very toxic nitrogenous waste 
produced by metabolism. 

jo ^-2^Ujl lAi. 'LoLjj o yx-~a A ;''n jjlij d^Ja2 ^MIT3 J^I-^Ji 

amniotic egg (am'-ne-ot'-ik) A shelled egg in which an 
embryo develops within a fluid-filled amniotic sac and is 
nourished by yolk. Produced by reptiles (including birds) and 
egg-laying mammals, the amniotic egg enables them to 
complete their life cycles on dry land. 

(jjjS J jjjsJl IflKb yah wiilt *lili A , njj (jjia-llj A\kp-4ll 4*ouil 
ijjjL jc Lji.Ujj jsli .JV j!l jjjk jc ^iili Jjl_yJLj jji?-!J 
A '^ijll ^j'l^^J .(jiiull Jll ^Ljill j (jjaIJI tilli J Uli) v_ii.lj jll 

AibJl [ _ysjj\ Jo -j'i n SjjJ Jl n^'inil y> jjjiJLj A «ll 

amygdala (uh-mig'-duh-la) An integrative center of the 

cerebrum; functionally, the part of the limbic system that 
. ..seems central in recognizing the emotional content of facial 
'•• expressions and laying down emotional memories. 



ySjaJl fl h ill 'yA (■ yy. 'Qc Sjlic " ji" .Ulik j Sj^Jl 'J«LSj'jSjU SjjUl' 
<a._jll CjIjjjxjI JUAiVI J y~- Jc. *_sj*j1I J j^jj ^jill 

.A.iLUJl vljbjSilb JiLiliVI j 
anaphase The fourth stage of mitosis, beginning when sister 
chromatids separate from each other and ending when a 
complete set of daughter chromosomes arrives at each of the 
two poles of the cell. 

(J^aili Uik. lAii Jll j Jiiill 4juI jll j*3l JjJUaJI jjla 
(Ja-oj Lu^jc ^ ^''"^ j ^j,'n* 'll jc Aqi'q.Vill djlAlLaj jiiH 

.Ajlill ;Vft ya (ji Jj aill jll CiLijjjj-ajjSlI 

anatomy The study of the structures of an organism. 

jjLUl (.ill AjJjl JtJjJuiJI 

androgen (an'-dro-jen) A steroid sex hormone secreted 
by the gonads that promotes the development and 
maintenance of the male reproductive system and male 
body features. 

nl Till A-tUl (3jja (y- jjSJ ^Ajjjj'i.n SjjSi j>«J*i 5j^^JI iluuA 
{Hum iilli£j AjSt JiLi=Jlj JUjll Ajj-^kJl ^Lkj j^j Jc JcLjjj (jll 

JL> jll Ait rt II 
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G-2 Glossary 



anemia (uh-ne'-me-ah) A condition in which an abnormally 
low amount of hemoglobin or a low number of red blood cells 
results in the body cells receiving too little oxygen. 

jl Sjjlc jjc XL jLi j^jk. jxij^Jl >lLu£> ^aii l^jj 2JU. IjijjVI 

anterior Pertaining to the front, or head, of a bilaterally 
symmetric animal. 

.JiUUl Ji\£\\ jljjaJl :LjL. ji ^uVl t- jaJl ^j^Lj (j-aUi 

anther A sac located at the tip of a flowers stamen; contains 
male sporangia in which meiosis occurs to produce spores 
that form the male gametophytes, or pollen grains. 

vjjp. ji AjjjSill jU»VI Cillil. jLii ^ill j.| jj^l T ay . a ,^*;vi 4i 

antibody (an'-tih-bod'-e) A protein dissolved in blood plasma 
that attaches to a specific kind of antigen and helps counter its 
effects. 

> O^- ty J&h ("^ ^3^! ^-5^ ctfJJJ *JU2"JI j>Uui.VI 

U jiti j* AiJl jicLuu j ijLiixJI cjU j^li 
anticodon (an'-tl-ko'-don) On a tRNA molecule, a specific 
sequence of three nucleotides that is complementary to a 
codon triplet on mRNA. 

.mRNA ^ jjo jS ^ <_U^2 
antigen (an'-tuh-jen) A foreign (nonself) molecule that elicits 
an adaptive immune response. 

.<Ui£j A^LLj <Aaaul ji^aj (^j'lj jji) l_u jc. s-^ys. 

anus The opening through which undigested materials are 
expelled. 

aorta (a-or'-tuh) A large artery that conveys blood directly 
from the left ventricle of the heart to other arteries. 

y&j J\ vjffll j^jVl jikfil t> S jZLy, ^Jl JiL jUji jj j]| 

apical dominance (a'-pik-ul) In a plant, the hormonal 
inhibition of axillary buds by a terminal bud. 

aquaporm A transport protein in the plasma membrane of 
some plant or animal cells that facilitates the diffusion of 
water across the membrane (osmosis). 

ji cAjbill \p±\ ^pj\ cUill Jin. jiijjj jjjjJjSi 
• -.(jt^iU) pUiiJl jjc fUll {J(Sjj| ^i!|j cjliljj^Jl 

aqueous solution.(a'-kwa-us)-..A-solution in.which water -is the 
solvent. 

.ljjUI jA Aj3 «UI jjlj J jk* 

Archaea (ar'-ke-uh) One of two prokaryotic domains of life, 
the other being Bacteria. 

.^J^M ^ L?>VI isljill AojIoj tba. CiVU- j* jjc jj ; '»jVll 

arteriole (ar-ter'-e-ol) A vessel that conveys blood between an 

artery and a capillary bed. 

.ijjjuill ASjiSllj jLjjoll jjj ^Jl (Jjj ^Uj jj^AJI 
artery A vessel that carries blood away from the heart to other 

parts of the body. 

asexual reproduction The creation of genetically identical 
offspring by a single parent, without the participation of sperm 
and egg. 

.A. ^iiil lj ^ ji*ll jjl jiaJl 

atom The smallest unit of matter that retains the properties of 
an element. 



atomic mass The total mass of an atom; also called atomic 
weight. Given as a whole number, the atomic mass 
approximately equals the mass number. 

atomic number The number of protons in each atom of a 
particular element. 

.Ali^ j^ak. ^3 t jj JS CjU jj JAc (|jilt JOxJl 

ATP Adenosine triphosphate, the main energy source for cells. 

.L£Ull (^uyj J] 4MJI (Cllliui jiil j^JlAj jJxijjjji ATP 

ATP synthase A cluster of several membrane proteins that 
function in chemiosmosis with adjacent electron transport 
chains, using the energy of a hydrogen ion concentration 
gradient to make ATP. 

£*iUS cWi ^jjll ijj»Ui tLiiJl cjUiijjj ^ aJjS ATP J^j« 

atrium (a'-tre-um) (plural, atria) A heart chamber that 
receives blood from the veins. 

autosome A chromosome not directly involved in determining 
the sex of an organism; in mammals, for example, any 
chromosome other than X or Y. 

Qiiiii £ jj juj^ s Aij^kj jiji, v j.j^jx jjS ^ juia. l^uus 
.Y jl X jjt j»_j^j^jjS Jjiu, tcjLujjll ^ s^yiJi 

autotroph (ot'-o-trof) An organism that makes its own food 
(often by photosynthesis), thereby sustaining itself without 
eating other organisms or their molecules. Plants, algae, and 
numerous bacteria are autotrophs. 

LiSlA\ J5li Lilt) <uUi ^iml ^ ^ jijJI yjlj 

^j-^ 1 ji iSjM ^ CiLiK <JSi jjj <uij ^iSj ^ (>j jlill 
AjjIj _>ii»j UjiSJl !> Sjj»1« £l jji j . <l u U l j cjlljjll .t^j a^A±1\ 

auxin (ok'-sin) A plant hormone (indoleacetic acid or a related 
compound) whose chief effect is to promote seedling elongation. 
"J^ U_& (^ ^^_y> j! &hJt\ ij^**) ^l±> (jy>j» jVl 

-Ul Wi.nl ji ^jjjiujil 
axillary bud (ak'-sil-ar-e) An embryonic shoot present in the 
angle formed by a leaf and stem. 

(JJjla (jo (Jiuli CjUll AjjI j ^ Sjjij^, ^; Aiijij iiklVI ^fcljJI 

.jUJl j 43 j jll 

B 

B cell A type of lymphocyte that matures in the bone marrow" ' 
• • and later- produces antibodies. B cells are responsible for the'-'" 
humoral immune response. 

? Ua.l ±u gjjjj ? LkJ| £UJ ^ jjajj cAjjliilll j> lAL B 

.AlialiJl AjcliJl AjUIwVI t> Alj>« B 

bacillus (buh-sil'-us) (plural, bacilli) A rod-shaped 
prokaryotic cell. 

.s-uxia Jli ^ jijjJi <jj|jj ^jii Jj^uaJi UjiSJI 
Bacteria One of two prokaryotic domains of life, the other 
being Archaea. 

(S-' 1 ^ 1 if* t?>Vl » jjilj SI jjll 2j|^j UiJl SLn. Cjljjj jAi.1 UjiJI 

bacteriophage (bak-ter'-e-6-faj) A virus that infects bacteria; 
also called a phage. 

.^ill Ljaji (j-ujU SbjiiSJI 1 . ■ - ; (JjjjjS 4jjlfr 

basal metabolic rate (BMR) The number of kiTocalories a' 
resting animal requires to fuel its essential body processes for 
a given time. 

g^l AjjIj^I CjljxJl CjljLS JJc (BMR) gr-UuVl V^VI Jiu 
Sjlil AiUJb i^UVl W CjLLc Ojj Jj] ^ jloJl jl jjaJl AiU^j 
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base A substance that decreases the hydrogen ion (H + ) 

concentration in a solution. 

JjkJl J (H + ) t^jj-^ 1 jjj'VI JjSjj <J& SjcUJI 
behavior Individually, an action carried out by the muscles or 

glands under control of the nervous system in response to a 

stimulus; collectively, the sum of an animals responses to 

external and internal stimuli. 

Ojill ji dpi i m 1 1 Aj ^jii jc 'jW (_ ]""'''" '* 1 tSJ^Liill 

J- J-«^-» *ijJ*-« Axui Jl Ajbvlml is ±^aA\ jl j-.ll Ajj .<^"i 

AjlaJall j Aja.jlaJl Cj\ oil jl jjaJl i*J . U';,„ l 

bilateral symmetry An arrangement of body parts such that 
an organism can be divided equally by a single cut passing 
longitudinally through it. A bilaterally symmetric organism 
has mirrorimage right and left sides. 

^LuiiVI (j^JI jliJl ^fcli. l> jumaJl el ja.V VJJJJ (j^ (J^ 3 

A-iaJl tjjljjlill Afcla. LljJa __>«J (_J.Jj3 ^ks (Jjjja jc S i j , „* ^ 

.l5 J^' J J*Jl *l ja.iU AAjLku 'ijj^a Jc ^ jlaj LIS ASjUalall 

binary fission A means of asexual reproduction in which a 
parent organism, often a single cell, divides into two 
genetically identical individuals of about equal size. 

Lite ci_iVl (jaJl u 1 ^ Aj3 t^yuiia. !A]| Jl jjll aLuj ^Lu jLkuJI 

.Ujjli (jjLul« ^a^j Ljj'jj u^3-«J-« O^A-S J) ''iJjiu Aula, 
binomial A two-part, latinized name of a species; for example, - 
Homo sapiens. 

. JaUJl JjjiVI JliJl djf"' j& Sjji ja. t> jj5L> jiiV ^uuil j jasJI (jiUj 
birds Members of a clade of reptiles that have feathers and 
adaptations for flight. 

SjJSJ ijilj Uj l_ia.ljjll ^jj^l SAlxla J Aiu^lill f. l . ^r. i J JjM 

. ulj^l > 

blastocoel (blas'-tuh-sel) In a developing animal, a central, 
fluidfilled cavity in a blastula. 

.A*jjVI J (Jjl_jxJlj (.Jo jSjxi i^Uil jl jjaJl J AajjVI <-j>* 

blastula (blas'-tyu-luh) An embryonic stage that marks the end 
of cleavage during animal development; a hollow ball of cells 
in many species. 

J^o A3ja_<i SjS i jljJaJl yaj f.llil J In I'i'ill AjU_j > v>~i *Ujjja. A]a.jj "LujjVI 

.£l jjVI (> JAlJl J b>kJl 

blood A type of connective tissue with a fluid matrix called 
plasma in which red blood cells, white blood cells, and 
platelets are suspended. 

(_}i*JJ L>_pbll (JjIjaJI (y> AS ji . n o Ujj . n\\ A^iniVI j* £ jj ^ill 

^j]| CjUrtmj (.L^luII fill l£La. j e-l j*aJl ^ J L)5U b_) 

blood-brain barrier A system of capillaries in the brain that 

restricts passage of most substances into the brain, thereby 
• •' preventing large fluctuations in the brains environment. 

JJJ* Ujljjjuill j* Ac ytsut jjCUill ^JJ-iJI JjLsJI 

^11 Aiu J SjjjS ciiUlij clij^. ^ (^Jl Jl j| jJl 
body cavity A fluid-containing space between the digestive 
tract and the body wall. 

. ; w.-%\l jl^-J ^^ ' ^1^ 1 (JjiiJlII jjj (JjIjjuj Jc tSj"^ ; jl^i * ' ^1 ■ a . jx" 

bolus A lubricated ball of chewed food. 

bone A type of connective tissue consisting of living cells held 
in a rigid matrix of collagen fibers embedded in calcium salts. 

-f j^l£ll c X.i IjlUTi jj^V jSII i-iUli (> AjL-> 
brain The master control center of the nervous system, involved 
in regulating and controlling body activity and interpreting 
information from the senses transmitted through the nervous 
system. 

j>m>ll JaLiii juiiij cK^! ' u.'^' Jl jaLkill (jjjjj Jl .<u-;1 | js^, jtAH 

^ji^»x!l ^Lkjll _>jc AljiiJl (_>ul jaJl j^ CjU jLuJl A^ljj j <ua .< ^'l i j 

brainstem A functional unit of the vertebrate brain, composed 
of the midbrain, the medulla oblongata, and the pons; serves 



mainly as a sensory filter, selecting which information reaches 
higher brain centers. 

iujidl ^Uoll j* i^jliill ^LaJl AjuSij ^UaII ^ia, 

CliUjkJl jUii.7 ijjjuia. j^lj^S 'JJ'^J J**J s j <L^ull j 

.ukJi jSi^ J^i ^Ji 
breathing Ventilation of the lungs through alternating 
inhalation and exhalation. 

_ jjjlJjlJl jj3 jllj (jj^ill (jliLc Jili. j* Aj jll Aj j^j (jaijill 

breathing control center The part of the medulla in the brain 
that directs the activity of organs involved in breathing. 

.tj-iUll ajLc Jijj ^1 frUicVI 
bronchiole (bron'-ke-6l) A fine branch of the bronchi that 
transports air to alveoli. 

- CjiU^iJjaJl Jl\ clj^Jl J^aJ J&\ Aji\ j^ g&j £ J ijjJuiJI 

.AjjI j^Jl 

bronchus (bron'-kus) (plural, bronchi) One of a pair of 
breathing tubes that branch from the trachea into the lungs. 

L>^' V^^i L> £J j L> -^Ij (AjjI ji Cjli^ai ' t ^Jl) AjjI ^Jl Ajuaiill 

budding A means of asexual reproduction whereby a 
new individual develops from an outgrowth of a parent. 
The new individual eventually splits off and lives 
independently. 

Ciliijl j* eJJJaJl JljiVI •Aa.i JjMi i'm ., ii> ^Ul all jjll aLloj jji'jjj 

o^SJ •^■ i ? J ' -J^' J - .vjVI 

buffer A chemical substance that resists changes in pH by 
accepting hydrogen ions from or donating hydrogen ions to 
solutions. 

Jjk^l Ji\ ji j^ 

bulbourethral gland (bul'-bo-yu-re'-thrul) One of a pair of >" 
glands near the base of the penis in the human male that 
secrete a clear alkaline mucus. 

^ ^ii . n^ l Sjcli j^j ujjSlb JJiJl t> j j« aa.lj AjLiiVI SJill (/) 

bulk feeder An animal that eats relatively large pieces of food. « 

.jjUUl qa Uiiij SjjjS CjLiaS JSL jl joa. SjjjS ijUaS iiia 



calcitonin (kal'-sih-ton'-in) A peptide hormone secreted by' the 
thyroid gland that lowers the blood calcium level. 

Jiij ^I'AajAH S^iJl ^'jL jc jjL'^ill aj%ll j ya j& jjj^luujtii " 
.• - '• : - • • . ^a- ^jiMilKir'^jbj'i'Ljm 
Calvin cycle The second of two stages of photosynthesis; a 
cyclic series of chemical reactions that occur in the stroma of 
a chloroplast, using the carbon in C0 2 and the ATP and 
NADPH produced by the light reactions to make the 
energy-rich sugar molecule G3P. 

u* Suj j aLAu i^liiJl JaLuIi jx jjlL._^j jlii joiH Sjjj 

^lailjlj t^lji n-U l CjlAilui!lJ| U jjIj ^ji Cjaaj ^Jl AjjUajSJI r'iMr.l Ml 

NADPH j cAivijill Ji'X jjuj^j.i j jjjjSJl JIj ^ jjjjSJl 
Jill G3P jS^I ci?> jjii yjll aj3 _juJl CjiUliUl JiU ,> ^ ^1 

.ASlialb 

CAM plant A plant that uses an adaptation for photosynthesis 
in arid conditions in which carbon dioxide entering open 
stomata during the night is converted to organic acids, which 
release C0 2 for the Calvin cycle during the day, when stomata 
are closed. 

AklSlI J Jj^l <Jj1«j]| Jc i aft-ill C±f> CAM ^LJ 

tUiii Aa. jjUI OU jill jjc (JiJj ^jll jjJjSlI Aiu£i Jlj U-i Jjai ^jll 
jillS SjjjI jjJjSlI Al^i Jj dlxii ,^11 j (Ajj^ ^iUa-i Jl Jjll 

Aili^ CiU jill jj£ UiAic i jbj-lll frUiil 



a: 
< 

(A 



G-4 Glossary 



t 



} 

J 
5 



cancer A disease characterized by the presence of malignant 
tumors (rapidly growing and spreading masses of abnormal 
body cells) in the body. 

capillary (kap'-il-er-e) A microscopic blood vessel that conveys 
blood between an arteriole and a venule; enables the exchange 
of nutrients and dissolved gases between the blood and 
interstitial fluid. 

Jliu jwujj AUjilj Oi^ 1 OH r"^ 1 tft Lfc&> lSJ-^ J * Jjfuill 

capillary bed A network of capillaries in a tissue or organ. 

capsid The protein shell that encloses a viral genome. 

carbohydrate (kar'-bo-hi'-drat) Member of the class of 
biological molecules consisting of single-monomer sugars 
(monosaccharides), two-monomer sugars (disaccharides), and 
polymers (polysaccharides). 

.(S.11*U| JJjlSxJl) Cj! _yJJlj 

carbon fixation The incorporation of carbon from 
atmospheric C0 2 info the carbon in organic compounds. 
During photosynthesis in a C 3 plant, carbon is fixed into a 
three-carbon sugar as it enters the Calvin cycle. In C 4 and 
CAM plants, carbon is fixed into a four-carbon sugar. 

^bj jUl ^ j^jjSJI ciuii ^ CAM j C4 ^bbj J ./^is 

carbon skeleton The chain of carbon atoms that forms the 
structural backbone of an organic molecule. 

carbonyl group (kar'-buh-nef) A chemical group consisting 
of a carbon atom linked by a double bond to an oxygen atom. 

carboxyl group (kar'-bok-sil) A chemical group consisting of 
a carbon atom double-bonded to an oxygen atom and also 
bonded to a hydroxyl group. 

carcinogen (kar-sin'-uh-jin) A cancer-causing agent, either 
highenergy radiation (such as X-rays or UV light) or a 
chemical. 

qSI <x^i Ju) AjSU AiiUa jj J-Luij Uj < jJl u ) IM 

cardiac cycle (kar'-de-ak) The alternating contractions and 
relaxations of the heart. 

cardiac muscle A type of striated muscle that forms the 
contractilewall of the heart. 

cardiac output The volume of blood pumped per minute by 
each ventricle of the heart. 

cardiovascular system A closed circulatory system with a 
heart and a branching network of arteries, capillaries, and 
veins. 



carnivore An animal that mainly eats other animals. 

carpel (kar'-pul) The female part of a flower, consisting of a 
stalk with an ovary at the base and a stigma, which traps 
pollen, at the tip. 

.S jAjil -Jijh ^ <.r\M cbUi. ih,^ 
carrier An individual who is heterozygous for a recessively 
inherited disorder and who therefore does not show symptoms 
of that disorder but who may pass on the recessive allele to 
offspring. 

JkJl elli ja\ jc\ jjjj Vj ja£. Ji\jj Jk i.ij„i,i JUla jis Jaui 

.ibuJi jjvi jj-j -usjj 

cartilage (kar'-ti-lij) A flexible connective tissue consisting of 
living cells and collagenous fibers embedded in a rubbery 
matrix. 

cation exchange A process in which positively charged 
minerals are made available to a plant when hydrogen ions in 
the soil displace mineral ions from the clay particles. 

UAk. ^liUil] UiUuj 4j j-> mm jjUxi jjSjj Uii ^li SjLc ^jjjjliil JjUj 

cell A basic unit of matter separated from its environment by a 
plasma membrane; the fundamental structural unit of life. 

cell body The part of a cell, such as a neuron, that houses the 
nucleus. 

cell cycle An ordered sequence of events (including interphase 
and the mitotic phase) that extends from the time a eukaryotic 
cell is first formed from a dividing parent cell until its own 
division into two cells. 

(J^h J>^l 2) CjlAiVl iilaJl SjjJ 

cell division The reproduction of a cell through duplication of 
the genome and division of the cytoplasm. 

cell theory The theory that all living things are composed of 
cells and that all cells come from other cells. 

■ o* (jj^ 2 <pJ! cjliilSll JS jjii 'ijjki ^ Ajjlil! 

' " LiiU jij oi* (_^_; 

cell wall A protective layer external to the plasma membrane in 
plant cells, bacteria, fungi, and some protists; protects the cell 
and helps maintain its shape. 

Aj jLill j ijjjSJl j AiiUll AjkJl tUiJ AaA^ Aja. jU. iiA. Aolill jl^ 

cellular metabolism (muh-tab'-uh-lizm) All the chemical 
activities of a cell. 

.Ajki! AjIujSII AixiVI JS (|^laJI (jiuVI 

cellular respiration The aerobic harvesting of energy from ' 
food molecules; the energy-releasing chemical breakdown of 
food molecules, such as glucose, and the storage of potential 
energy in a form that cells can use to perform work; involves 
glycolysis, the citric acid cycle, and oxidative phosphorylation 
(the electron transport chain and chemiosmosis). 
gjl^l if liill j> 2iLLJ3 ^1 jUoiJl ^jHJI AcH\ 

^ yiiJl oij^J jjS jkll Jl- SASLkil CjcUI iiiliiJl CLlljj^ 

UJJ^^ A^bJl aiuUl) <JjJx«SVl Ajimillj iuijlJl jko SjjJj 
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cellulose (sel'-yu-los) A structural polysaccharide of plant cell 
walls composed of glucose monomers. Cellulose molecules are 
linked into cable-like fibrils. 

ja y y d'y> CliLjll L£Ul ^j! j^J <j£y^ .IjjI^ui JAtio J^jlui 
_d£bl£]! dlijL A kyjA jjijLuil Cliliiji. jjSjiiJl 

central canal The narrow cavity in the center of the spinal cord 
that is continuous with the fluid-filled ventricles of the brain. 

^ Jo-olJlj y!A\ (Jiiil Jji-" 3 ^ ^J-^' J*^ 

.JjI yAj 4jjL1| £L»j1I ^ nhj 

central vacuole In a plant cell, a large membranous sac with 
diverse roles in growth and the storage of chemicals and wastes. 

r'^l ,>.<i\lj 4_uLl4j£]I .il ^jj jiJj j>ij]l 

centriole (sen'tre-6l) A structure in an animal cell composed of 
cylinders of microtubule triplets arranged in a 9 + pattern. 
An animal usually has a centrosome with a pair of centrioles 
involved in cell division. 

t> £JJ ^ c5j^ _>« ^ Six. j'j#=^' .1+9 y^ 

centromere (sen'-tro-mer) The region of a duplicated 
chromosome where two sister chromatids are joined (often 
appearing as a narrow "waist") and where spindle 
microtubules attach during mitosis and meiosis. The 
centromere divides at the onset of anaphase during mitosis 
and anaphase II during meiosis. 

^Luij^l ^3 J y ..-ill <_£ jSj^ll ( ii..i->lt ^..i'Vij . n"\ y j\j 

.n'i'lVI t-Ljjl jjAjSI Jjxj^all J^Iaj JjSjII frLiiil JjliJl 

centrosome (sen'-tro-som) Material in the cytoplasm of a 
eukaryotic cell that gives rise to microtubules; important in 
mitosis and meiosis; also called the microtubule-organizing center 
jj^Ji tpjj (jjll Sl_>5ll Ajiiia. iikil J jj^ll SjLo ^5 jS jjiII f ij'n> ll 

■ <k'.'> Lwxll (^-g^J ^ . nTt^l j (Jjiill ^jjj^Ja ^*-!J .Cljl iJJJlVI 

A'J.'/'VI 

cerebral cortex (suh-re'-brul kor'-teks) A folded sheet of gray 
matter forming the surface of the cerebrum. In humans, it 
contains integrating centers for higher brain functions such as 
reasoning, speech, language, and imagination. 

J .^U^Jl (JUu ^jJIj 4jjL«j SjU ^iji" ^J~* 1 n j- 4 ^ * 

.(Jjijll j AiJllj 

cerebral hemisphere The' right or left half of the vertebrate 
• cerebrum;'*'.-::-;' \.;-v ; ■ • • •- •.. 

.^jliiil joJI (ja y^ui\ j\ jAjj\ > i.^i'ill "ULaII 3 ji]| i i.ni 

cerebrospinal fluid (suh-re'-bro-spi'-nul) Blood-derived fluid 
that surrounds, nourishes, and cushions the brain and spinal 
cord. 

cerebrum (suh-re'-brum) The largest, most sophisticated, and 
most dominant part of the vertebrate forebrain, made up of 
right and left cerebral hemispheres. 

^jliill j>iL«ll ^Uall yj Sjkiu U^Si j Ijjsxj U j&i j c-lj^Vl jjSI ^aII 

cervix (ser'-viks) The neck of the uterus, which opens into the 
vagina. 

. d&^l ^ ill j ^jll ^jic jxi, j3| (ji; 

character A heritable feature that varies among individuals 
within a population, such as flower color in pea plants or eye 
color in humans. 

ji sjA jll jjl (Ji« t5jj«JI. (^3 ^IjSVI (j£ ' <ln1 Ajilljj 



chemical bond An attraction between two atoms resulting 
from a sharing of outer-shell electrons or the presence of 
opposite charges on the atoms. The bonded atoms gain 
complete outer electron shells 

y=Lii jA\ cjl jill ,ol jill j^lc S^UJa.^ .'j j ji WjUJl 

chemical energy Energy available in molecules for release in a 
chemical reaction; a form of potential energy. 

chemical reaction The making and breaking of chemical 
bonds, leading to changes in the composition of matter, 
cjl jjij ^1 ^yy ^pll j cA^U^ll lul jjll (^.La j £ua (^UiAjiil JcUiJI 

chemiosmosis (kem'-e-oz-mo'-sis) Energy-coupling 
mechanism that uses the energy of hydrogen ion (H + ) 
gradients across membranes to drive cellular work, such as the 
phosphorylation of ADP; powers most ATP synthesis in cells. 
jjy^Jl Jjj! AalL CX&y* f,iVii<fi AiUJi aJI ^jjUajS j-^Uj 

fCjj yjSl j s ADP jUJl J«t5l JLjj 44^tVl JJC (H + ) 

.S'^i J ATT c3j^ 
chlorophyll A green pigment located within the chloroplasts 
of plants, algae, and certain prokaryotes. Chlorophyll a can 
participate directly in the light reactions, which convert solar 
energy to chemical energy. 

cjUill f ij.'-^i c^lvijnAill frlj^ai. kiu^a jjjajjjlill 
ojiiU» a£jLulJI a ci^jji^ |»,!l-i'i'"j .SI jjli ^-tajl-^j > . 'IK Kti j 

44iLl«jS 4iti J| j .,^,-'^ 1 AiUall J^ijjiil j iAjj j. >ill CjiLtLlill 

chloroplast (klo'-ro-plast) An organelle found in plants and 
photosynthetic protists that absorbs sunlight and uses it to 
drive the synthesis of organic molecules (sugars) from carbon >■ 
dioxide and water. OS 



sAcja-dl CjUjVjVlj CjtjLill J »J y±y> C&.u'nr. p\ jy'n\\\ CjIJjIuj^UI 



(0 



.«Ull j jjJj^ll .Vi.ii^UAj (ja (CjLjjluJl) Aj^JajJl djjjaJl O 

cholesterol (ko-les'-tuh-rol) A steroid that is an important 
component of animal cell membranes and that acts as a precursor 
molecule for the synthesis of other steroids, such as hormones. 

^CjU j^jjll (Jla LSji.71 CjIjjjjjIuJI 4x.U^al SjliJl t^j jz& 

chromatin (kro'-muh-tin) The combination of DNA and 

proteins that constitutes eukaryotic chromosomes; often used 
■ to refer to the- diffuse, very extended form taken by 
. chromosomes when a cell is not dividing. . 

CjLa jjj ja jj£ll jjii (Jll Ciliii jjJl j Uill ,jA A-i£jJ OJjLajjSJl 
L>j iijj JOol» JSii c jUiliVl JJ^ cs^'j "S^'j^' 

<jiij| ^ 1 . ..Vi l ^a^c. (Jl^ ^3 CllLa^ui^QJJ^ll 

chromosome (kro'-muh-som) A threadlike, gene-carrying 
structure found in the nucleus of a eukaryotic cell and most 
visible during mitosis and meiosis; also, the main gene-carrying 
structure of a prokaryotic cell. A chromosomes consists of one 
very long piece of chromatin, a combination of DNA and protein. 

4 ;Kll SI y ^ ■ij^.ya idiliiiJl ci^ajj Aiji-Sl <i4i c-t-ij fJ^JAJJ^ 
J^UJl ^uij'ijll (X±A\ ii_iU^iljVlj (JSill tJJi 3 <jjljjaJl 

^ Ajlill 4L_^ii US ^ ^.jjj jjiL .SI jill AjjIaj Ajiill CAjjiil 

.(jii jjill j UJl qa •UijJ ((jjiiLijjill 

chromosome theory of inheritance A basic principle in 
biology stating that genes are located on chromosomes and 
that the behavior of chromosomes during meiosis accounts for 
inheritance patterns. 

.Aiiijjli 
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chyme (klm) The mixture of partially digested food and 
digestive juices formed in the stomach. 

fi^x^Ji J Jjj^u *Lj ■ nr . Li! ji. ? S' ^* k ^j-a U<R „j rt 

cilium (plural, cilia) A short cellular appendage specialized for 
locomotion, formed from a core of nine outer doublet 
microtubules and two single microtubules (the 9 + 2 pattern) 
covered by the cell's plasma membrane. 

i> (jj^ '"^ 4. ^1 . ^ i 5jJ-=>5 4jjli. Sil j (^jl^bj £^lJl) UJ-tyJI 

(2 + 9 j- 1 ,^) j£p jrt^'j ^J^- ^ jJ> ^W^i 

circulatory system The organ system that transports materials 
such as nutrients, 2 , and hormones to body cells and 
transports CO, and other wastes from body cells. 

A^iiiJi jijJi JL, j yi\ jii tu^vi fLt: ^jjiJI jt^aJl 

. ^ '■ '•>^ L£tA (j/> ^\ . qa 

citric acid cycle The chemical cycle that completes the 

metabolic breakdown of glucose molecules begun in glycolysis 
by oxidizing acetyl CoA (derived from pyruvate) to carbon 
dioxide. The cycle occurs in the matrix of mitochondria and 
supplies most of the NADH molecules that carry energy to 
the electron transport chains. Together with pyruvate 
oxidation, the second major stage of cellular respiration. 

CoA JjinVI SijL y> jUl Jk3 J t^jj j]| jkJl 
j SjjJI effi fli . j^jill iu^Si Jtf J) (cii j jail ^ 
J\ a&IJi J^J jll NADH ^Uj> ^ cjI jjaUl as jL^> 

.i_S jliJl (_>ailill J Ajjtjll AWljll 

clade A group of species that includes an ancestral species and 

all its descendants. 
a] (j«->Ull ^jjy J^ii £_\yi\ i> jJS 

class In Linnaean classification, the taxonomic category above 

order. 

cleavage (kle'-vij) (1) Cytokinesis in animal cells and in some 
protists, characterized by pinching in of the plasma 
membrane. (2) In animal development, the first major phase of 
embryonic development, in which rapid cell divisions without 
cell growth transforms the animal zygote into a ball of cells. 

iCluVjVl o*"->. cA? ^J^ 1 Ll^I AjjLUl <itl jaJl (1) jkuuJI 
4k _yjl t^jUl jJ=Jl jjki J (2) U jiUll «.LSfc Jc Ja^ij Jllj 
AajjuII CjUL^VI Ifcfl f jSj Jill j ((j^ 1 i> ij jVl Auujj jil 

. - • .LOUll-O^S jS 4jj| jiaJl 4aifctf| Ja>i'b>ij| (jjj UiJ 

clitoris An organ in- the fe.mate.that engorges with blood and ■ 
becomes erect during sexual arousal. 

clone As a verb, to produce genetically identical copies of a cell, 
organism, or DNA molecule. As a noun, the collection of cells, 
organisms, or molecules resulting from cloning; colloquially, a 
single organism that is genetically identical to another because 
it arose from the cloning of a somatic cell. 

Ulllv 4jjUu ^jju ^tfjl t5 i»^j J^S f.lViini jtlk^cll lift ^LuuiuiVI 

(jc glj 4iV jL\ (jjlS ^ JjU1« (jt » JLc 

AjAuii. 4jli. (ja ^1 ,„V;.,iVI 

closed circulatory system A circulatory system in which 
blood is confined to vessels and is kept separate from the 
interstitial fluid. 

(4iJ is* f^' j 1 ^" 1 ^ fJj cfJJ J ft-^j tjli-aJl ^jjill j' ^ 'I 

coccus (kok'-us) (plural, cocci) A spherical prokaryotic cell. 

.Sljjll 4oiIAj 4jjjS 4aLi. (CLj^Ji ^*?Jl) 



codon (ko'-don) A three-nucleotide sequence in mRNA that 
specifies a particular amino acid or polypeptide termination 
signal; the basic unit of the genetic code, 
lix* Li^ ^ j m RNA ^ jjj_jjJS, _jJt J,,!,,;; 

coelom (se'-lom) A body cavity completely lined with mesoderm. 

..kuijldl ^jj^l 4^ilj o J^-alo ( i^Jl ^ji l_i jXJ jllxil 1-fljaJI 

cognition The process carried out by an animal's nervous 
system that includes perceiving, storing, integrating, and using 
the information obtained by the animal's sensory receptors. 

cr&J jljJiil ^yf^aJl jlfraJl JiU qa Ujjjjj fu J&\ 4jLxJ| 4ij»jJ| 
. jl jj^>ll 4jui^\| r'^jq'l, ^Ijh Qc. 1 ^ 

cohesion (ko-he'-zhun) The sticking together of molecules of 
the same kind, often by hydrogen bonds. 

,4 j'n-N jjAiA iojljj i^jh (jc. 

collenchyma cell (ko-len'-kim-uh) In plants, a cell with a 
thick primary wall and no secondary wall, functioning mainly 
in supporting growing parts. 

4^ J^H if- '"j-fP- kJ- (ijjiJI k&L 

colon (ko'-lun) Large intestine; the portion of the vertebrate 
alimentary canal between the small intestine and the anus; 
functions mainly in water absorption and the formation of 
feces. 

4L5j]| (.UVtfl OX 4jjLaal! Au.^ll SUiil > fr> S4iiiJl ftjmVI (j^J^I 

communication Animal behavior including transmission of, 
reception of, and response to signals. 

cj| jluVI Jbiiu,! j JUJ ^ lUAj ^ill yj! jj^Jl ^ jUl JU^iVI 

4jU 1 ,,iVI j 

companion cell In a plant, a cell connected to a sieve-tube 
element whose nucleus and ribosomes provide proteins for the 
sieve-tube element. 

(jii-ia i_ijfii j.i-iiim A \ , n u 4ali. (jc SjUc nJjLuIl ^ 4ii|jAj| AjliJI 

ui l l_lj±iVI J' ^l'ni LjUijjJJ ^ juljil jll j 4jj SI jill j2 jj 

complete digestive tract A digestive tube with two openings, 
a mouth and an anus. 

complete dominance A type of inheritance in which the 
phenotypes of the heterozygote and dominant homozygote are 
indistinguishable. 

>Ui!l JxJl ajs (j^u V cijVI i> ^lijCs'itLuJI ' 

• • • " .»J2Lill tJiVVl 4ijLola Cij^jjllj JiVVl-« jii3* 4^2 j 11 ' 
compost Decomposing organic material that can be used to 
add nutrients to soil. 

compound A substance containing two or more elements in a 
fixed ratio. For example, table salt (NaCl) consists of one atom 
of the element sodium (Na) for every atom of chlorine (CI). 

<J#" LS^- '-jV-la-aJ J&i ji (jJj^aie ^ ^ jjij SjU 

(Na) fjjJj^ll y^. (> Sjj (> jjSij (NaCl) ^ iJlUl 

.(CI) jjJSJI t> Jjj JS1 
concentration gradient A region along which the density 
of a chemical substance increases or decreases. Cells often 
maintain concentration gradients of ions across their 
membranes. When a gradient exists, substances tend to 
move from where they are more concentrated to where they 
are less concentrated. 

kVK'i .4ajUojill jljJl Uak. J£ ji Ajjj 4ikl« jjSjoJI 

Jjjj U^jc .l^j ^UJl AjiicVl yc CiUjjbU jjS jj jtjj-Uj \Ai> biUJl 

'j^JJ J^i uSUVl l> lilj^l J\ Jl jxll cLu ^ jjjull 

.1^ J! '^J (jjSi ^! jSUVi Jj 



Glossary G-7 



conception The fertilization of the egg by a sperm cell in 
humans. 



conjugation The union (mating) of two bacterial cells 
or protist cells and the transfer of DNA between the 
two cells. 

Jliijl j 4 jRH SAii.j biU. jl jJJJJJ^J j£ (*— iJlj) JbLil <j' J®i\ 



bil 



connective tissue Animal tissue that functions mainly to 
bind and support other tissues, having a sparse population 
of cells scattered through an extracellular matrix, which they 
produce. 

43 j<ii ^ SjuViull bStiJl ^ SjjjS di-nc Ljj jjSj < _ s j1| j _>i.V 

.b^bjb ^jij ^^1 j tAuLkll £jbV 

controlled experiment An experiment in which an 
experimental group is compared with a control group that 
varies only in the factor being tested. 

copulation Sexual intercourse, usually necessary for internal 
fertilization to occur. 

cork The outermost protective layer of a plant's bark, produced 
by the cork cambium. 

(Jib\. j-a L^bjl j4i LS^'j "-^bjll cbj] jbUl jll Aiikll (jjlS 



cork cambium Meristematic tissue that produces cork cells 
during secondary growth of a plant. 

ijy\H\ jaA\ ^UjI tjjlsll b^i. g-^! u^jb tlW^I fjif 4 ^ 

^bii] 

corpus luteum (kor'-pus lu'-te-um) A small body of endocrine 
tissue that develops from an ovarian follicle after ovulation 
and secretes progesterone and estrogen during pregnancy. 

cortex In plants, the ground tissue system of a root, made up 
mostly of parenchyma cells, which store food and absorb 
minerals that have passed through the epidermis. 

£• jIl^JI i jjlail AjjJajVI A^-uj^l fbaj <Cjbbjll ^ i 
jaj ^jjll (jjbtJl (j n" <uj 4,.<»»„laVI <j jij 4(jiJl LjiLi. j^i bltx- 

Sj^jll J^ti 

cotyledori (kdt'-uh-le'-don) The first leaf that appears on an' 
•■ embryd-'ttf a flowering plant; a seed leaf: -Monoc'ot'embryos-' •. •- 
have one cotyledon; dicot embryos have two. 

.SjiJl Hjj Ls-axaJ i JijAl Cibjll ^ (jjll J jS/i Aij^ll 

QiSla 4j Ailall jjjUj jjjKll 'SjaJj 4lla 4j 4lla]| ,_£jbJ ,jjii]l 
countercurrent exchange The transfer of a substance or heat 
between two fluids flowing in opposite directions. 

covalent bond (ko-va'-lent) A strong chemical bond in 
which two atoms share one or more pairs of outer-shell 
electrons. 

qa jjSI jl J J j £-« Jjjj liljlCu ^JjS (jjb^S Jajl j ^jHftli lull isjIjJI 

crista (kris'tuh) (plural, cristae) An infolding of the inner 

mitochondrial membrane. 

.yJilil ^jJalJl tLiiJ] (.1 jLj (til j&S jjiaJI) i_a j«JI 
crop A pouch-like organ in a digestive tract where food is 

softened and may be stored temporarily. 



cross A mating of two sexually reproducing individuals; often 
used to describe a genetics experiment involving a controlled 
mating (a "genetic cross"). 

•(c?^?- u^) 5; jl >> ^ cUiij A yu-^l l 
cross-fertilization The fusion of sperm and egg derived from 
two different individuals. 

cuticle (kyu'-tuh-kul) (1) In animals, a tough, nonliving outer 
layer of the skin. (2) In plants, a waxy coating on the surface 
of stems and leaves that helps retain water. 

is* (2) .'SP- J^J ^Jj3 i> ^-J-*- '^A 3 "-^bl jxxll ^3 (1) iiilaJI 

.(.bJl jbvia.1 j^Lii ^Ij JjljjVlj ^tLxo ^^lo (^1-0^ j!5ti iCbbjll 

cytokinesis (sf-to-kuh-ne-sis) The division of the cytoplasm to 
form two separate daughter cells. Cytokinesis usually occurs in 
conjunction with telophase of mitosis. Mitosis and cytokinesis 
make up the mitotic (M) phase of the cell cycle. 

dill _>=Jl C^=J .SjJ jll bibJl tjjjii! J jj^JI (LJ6\ dil jaJI 

JlJu Ajjliil "iljl jaJlj ctiiil' .{Jjiill ^jbjjVI JjWl ^« !>l Jilb A-J^liJl 

.AjkJl Sjji (M) fbi^l 

cytokinin (sl'-to-kl'-nin) One of a family of plant hormones 
that promotes cell division, retards aging in flowers and fruits, 
and may interact antagonistically with auxins in regulating 
plant growth and development. 

ajjj.n) (JcUjj bujj jU j^l ^ Aivji-^ i.'iill jib <b5li]l 

cytoplasm(si'-to-plaz'-um) The contents of a eukaryotic cell 
between the plasma membrane and the nucleus; consists ot a 
semifluid medium and organelles; can also refer to the interior 
of a prokaryotic cell. 

^j-a jj£2 i'iljjllj L« _pbll frLuii jiaJl AjliJl djbjia-o ^ j^bj)"i j "ill 

5jjl^j AjliJl (Jib ^jj] LiJaji jliki jl (jS^Ll iClbjJaC j 4JjUj Ajjj Jajbaj 

.SI jill 

cytosine (C) (sl'-tuh-sin) A single-ring nitrogenous base found 
in DNA and RNA. 

.b jll j b.i]| Sj^^ CjULJI AjJbJ Ajjii. jjlij ii.sc.la (C) Dijj^ 

cytoskeleton A network of protein fibers in the cytoplasm of a 
eukaryotic cell; includes microfilaments, intermediate 
filaments, and microtubules. 

SA-iil jpJl AjiiiS f j^bjjunH CjUij jjjll tjbji qa 4<Liii -SalkJI JSa4 



decomposer' Frokaryotes land fii'tigi' that se'crke ehzyrhes that : " 
digest nutrients from organic material and convert them to 
inorganic forms. 

Jl _«-Jl f -,.>i^ ^jlc JcLuii CiLoj jjj jjii Cjbjiaaj SI _«jll Cibjbi.1 Jis^s 

decomposition The breakdown of organic materials into 
inorganic ones. 

J l >° jIj>JI JLuil 

deductive reasoning A type of logic in which specific results 
are predicted from a general premise. 

CjLo.iL> aIika guloij jjjlill Aj3 ^jj (^iilJl (j» (jlal j'i'iuiVI (j h' i ^l l 

dehydration reaction (de-hl-dra'-shun) A chemical reaction 
in which two molecules become covalently bonded to each 
other with the removal of a water molecule. 

Lag i ni \ l Qjlinj^i (jbjja. <Ua glinj ^LlojS (Jctii 1 a^WMI ClilCUJ 

C-UJl (■ <!l jj LIulj 

denaturation (de-na'-chur-a'-shun) A process in which a 
protein unravels, losing its specific structure and hence 
function; can be caused by changes in pH or salt 
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concentration or by high temperature; also refers to the 
separation of the two strands of the DNA double helix, 
caused by similar factors. 

SAiilL j ^ J.!x-<i3l o jt-iJ ^ijj tjjjj Jl 1^j3 jJaJ A^LiC- £UjUU 

4j*jJ S.Ajj ■ . '.I"'.' jl «Ul pH J ^JAaj J 

jillj tUJJ ^ jjjjl jLJl /w jjiik J^ai Jj Ubji jju US <Sjl j^Jl 

deoxyribonucleic acid (DNA) (de-ok'-se-rl'-bo-nu-kla'-ik) 
A double-stranded helical nucleic acid molecule consisting 
of nucleotide monomers with deoxyribose sugar and the 
nitrogenous bases adenine (A), cytosine (C), guanine (G), and 
thymine (T). Capable of replicating, DNA is an organisms 
genetic material. See also gene. 

<s j>> o^*- (DNA) a^-^j^l tji^l isjj^ <jHJ^ <>"^l 
jjijl £-« Jj-ij^ J' yyy iy> i— iltjj tjliill -Tj^j-" ijjjj^ 
(G) iltfl y^h (C) oijyi^j (A) jjjJI SacUII jjjj j qrv^jVI 
-gp aJl ^jKl! Sou ^> s jbt DNA ' JjSjJI .(T) 

.U£?^l Uajl Jajl 

dermal tissue system The outer protective covering of 
plants. 

OrJUiil y^jUJl JUi jll c LkiJl ^AhJI ? Uaj 
detritus (duh-trl'-tus) Dead organic matter. 

diaphragm-(dl'-uh-fram) Hie sheet of muscle separating the 
chest cavity from the abdominal cavity in mammals. Its 
contraction expands the chest cavity, and its relaxation 
reduces it. 

diastole (dy'-as'-to-le) The stage of the heart cycle in which the 
heart muscle is relaxed, allowing the chambers to fill with 
blood. See also systole. 

U* n i iffll sJjIXJaad Jal, i„n,lil Uj3 Cjiij ^Jl SjjJ <ila.j* JaUiujVI 
, L _paLiij'^l Liul Jijl . JL > i^iil £(J/«J 

dicot (dl'-kot) A term traditionally used to refer to 
flowering plants that have two embryonic seed leaves, 
or cotyledons. 

ij&jAl ClAjUiil Jj SjLiiU ■ * r\ U . ^ „ CjUx!| ^jjljj 

diffusion Hie spontaneous movement of a substance down its 
concentration gradient from where it is more concentrated to 
where it is less concentrated. 

^ Uj (j^aLiJl jj£ Jl £ jjio i -t-1 SjUU Sjjliij 4Sji. jl ■Vli'jl 

. ." v ■ ' ' " " ' ' ' ' -W r 

digestion The mechanical and chemical breakdown of food 
into molecules small enough for the body to absorb; the 
second stage of food processing in animals. 

<LxjJ Sjjj-^i Cjlijj^. Jj J » UU JiUajSllj ^<.'Ki„l t j , ^ua^Ji 
^Ljljixll J i^'-^Jl ciA^il Cy> ^jj^il 4ls.jJ| ti ^ . J . . . U ^ilv;,,,. 
digestive system The organ system involved in ingestion and 
digestion of food, absorption of nutrients, and elimination of 
wastes. 

lj>Uk]| t i , nt ) ^-^UjI ijt (J j''..a«jl ^JjjJxJl - I tV.l l ^ ^,f,q^„l| Jl ^ N 
.Ci^lJaall (j^ tj -^K'il lj 4jj|jiJl Jljjl ^1 , nul j 

diploid In an organism that reproduces sexually, a cell 
containing two homologous sets of chromosomes, one set 
inherited from each parent; a 2n cell. 

,2ll JS 

disaccharide (di-sak'-uh-rld) A sugar molecule consisting of 
two monosaccharides linked by a dehydration reaction. 



DNA See deoxyribonucleic acid (DNA). 

.(DNA) jVi ^ jjiJl tij^il ^ j!l Ji3l DNA 

DNA ligase (ll'-gas) An enzyme, essential for DNA 

replication, that catalyzes the covalent bonding of adjacent 
DNA polynucleotide strands. DNA ligase is used in genetic 
engineering to paste a specific piece of DNA containing a 
gene of interest into a bacterial plasmid or other vector. 

^^Aluiill -kll j3l ji^! (J^l J jtAiilii ^jjjJa ij»jjjl UiJI jUuJ 
£y 4jjI_>j1I 4juajjJl J jUJll ^Vutu UoiS iii jJS jjll JaJc JLLla 

j^ 1 I"* j' ^J^y SjxajiljlLj < jjji. Jc cjji^i Lj-ill (J>« (JJ>-« 

.CjilaUll 

DNA polymerase (puh-lim'-er-as) A large molecular complex 
that assembles DNA nucleotides into polynucleotides using a 
preexisting strand of DNA as a template. 

DNA profiling A procedure that analyzes DNA samples to 
determine if they came from the same individual. 

domain A taxonomic category above the kingdom level. Hie 
three domains of life are Archaea, Bacteria, and Eukarya. 

dominant allele The allele that determines the phenotype of a 
gene when the individual is heterozygous for that gene. 

J jill jjl: Uiit g; jAllill J^l Ji^j g;jll JJVI AjUJI Jj'il 

^jj^Jl |j«J Cjj^ojJI jjUo« 

dorsal Pertaining to the back of a bilaterally symmetric animal. 

.LAjii (JjUiJl -jljj^Jl ijl»lo <3J$^ 

double circulation A circulatory system with separate 
pulmonary and systemic circuits, in which blood passes 
through the heart after completing each circuit; ensures 
vigorous blood flow to all organs. 

UJiU. j^! (4 fil li p 4_uUij j jiljj 4j g; jjj j»Uij 4jkjJjjlJi SjjjJI 

double fertilization In flowering plants, the formation of both 
a zygote and a cell with a triploid nucleus, which develops into 
the endosperm. 

Sljj AjliJl j S^a'^Ul jjii iSjAjJl cAjUill J ^jjjjili ijj'n^MI 

.tljjJiJl J jjxii Jilj 4 li I, nil 4r un\\ Aiiilj 

double helix The form of native DNA, referring to its two 
• adjacent polynucleotide strands interwound into a- spiral shape. 

.jjjjk JS^ J ijj^" J&j »jj^JI 

E 

ectoderm (ek'-to-derm) The outer layer of three embryonic 
cell layers in a gastrula. The ectoderm forms the skin of the 
gastrula and gives rise to the epidermis and nervous system 
in the adult. 

)Wr?Jlj » jAfi' >°j Jj cf^jJj SAjx^ll ik. (Jlaj jAUill ^JjVI .SJjxJI 

ectopic pregnancy (ek-top'-ik) The implantation and 
development of an embryo outside the uterus. 

.l»^j!l — jLi. Q;W\I J^jj (Jal j«jl Aula JjJA 

ectotherm (ek'-to-therm) An animal that warms itself mainly 
by absorbing heat from its surroundings. Examples include 
most amphibians, lizards, and invertebrates. 

(^Uaial Jjj |jt -Uujjj OJJJ-OJ Ajjijj jAj (jl j^l 3 jl JiJI JJ** 1 

<— i^-ljjll J 'dUiU Jl ^Jiu, Jc. 4li«VI (Joli.o'i . hj-s »ll ijiUJl ^ SJj^l 
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ectothermic Referring to organisms that do not produce 
enough metabolic heat to have much effect on body 
temperature. See also ectotherm. 
jjli AjilS s j'j^ g^i V Jil cAiliil Jl SjijaJI 4j*jLi 

Jjl j^ll - ;kViU (jtt'-J-^ * ' ^ji J^' .^juaaJI Sjlji -k-_p J^ J£"' 

effector cell (1) A muscle cell or gland cell that performs the 
body's response to stimuli, responding to signals from the 
brain or other processing center of the nervous system. (2) A 
lymphocyte that has undergone clonal selection and is capable 
of mediating an acquired immune response. 

v^l l Si U {.I ysXi ^jii Aj.lt Ajk ji AaLjae. Ajk (1) ^IxhuiA Ajk 

J jSI ^oll i>« U jjc jl (>» cjljUiyi J) AjLviujSU iCjI^iLJI Jl 

J Jkill ^jKim'i j Jb^u tAiijl c-l jib AjjLLJ (2) .(j-f""^ jU^' 

2 ..„•;< ,\l Aclidl AjK'uil 

egg A female gamete. 

ejaculation (ih-jak'-yu-la'-shun) Expulsion of semen from the 
penis. 

^ jSill i> J^ll i_ilisjl iJjfiJl 

ejaculatory duct The short section of the ejaculatory route in 
mammals formed by the convergence of the vas deferens and 
a duct from the seminal vesicle. The ejaculatory duct 
transports sperm from the vas deferens to the urethra. 

jf. jiiij cjLjjjII J Jslil _>^!l J * j=JI 4iaUI SUaH 
Jiii AaaUl SLfiil ^jii .AjjLJI 4l.nijaJl ^ iUUl j J^ll AJaUll Sbill i-jjLSj 

.jjkvi J! Aiausi sua ^jp^ll o> ^ 
electromagnetic spectrum The entire spectrum of radiation 
ranging in wavelength from less than a nanometer to more 
than a kilometer. 

jla jL£ jj^ jjSI J) ja« jjb (Jsl ikj/ill 

electron A subatomic particle with a single negative electrical 
charge. One or more electrons move around the nucleus of an 
atom. 

ijjjjSJl iii jai .Sjilj aJLu Ajjbj$£ Aji-u Aj Sjjll (jJjJ f i . u ." > dlJJ^VI 

.S jjll SIJ J j^. jjSI jl 

electron microscope (EM) A microscope that uses magnets 
to focus an electron beam through, or onto the surface of, a 
specimen. An electron microscope achieves a hundredfold 
greater resolution than a light microscope. 

^U-i jf jA , M » ,».AiJLuLi (EM) Jjjj^ 1 

gjUj Jjj&lVI ijtoJ .L$jlc jl AiaJl'^kui Jiti (j* jjjSlyi 

electron shell An energy level representing the distance of an' 
. ■• ■'electron from the nucleus- of an atom. • • 

Jl SI jjll jjJJ^ll j^J AiUJl Jlu ,_;ill AiLkll (jjluu, yjjJJ^Jj jbw> 

.S jjll 

electron transport chain A series of electron carrier 
molecules that shuttle electrons during the redox reactions 
that release energy used to make ATP; located in the inner 
membrane of mitochondria, the thylakoid membranes 
of chloroplasts, and the plasma membranes of 
prokaryotes. 

(Jajj OUjjjSfcU SiaUJl CjUj jaJl aLiLi (JjjjSWI JSU 4iuilui 
a „ ^';,,iJ I AaUall CLaJl Jll (Jl jjiVI J Slm^l ClOLcUj $.bj| cJjjjjSJyi 

. cjljjjS^Lull *bic tcjIjjiLJl Jibll *LiiJl Js ^£ (^jII SATP lM 

ol jjll CjLuIjjI Laj!Ajll Ajjic.1 j (JjijjjlSlI dll < il i n\ 

electronegativity The attraction of a given atom for the 
electrons of a covalent bond. 

( _ s _»A>Ljiill -kiljli CjUjjjSfcU Ajj^a tji i_j|ixj| <Luku iuj^S 

element A substance that cannot be broken down to other 
substances by chemical means. 

AjjU«jS1I 



elimination The passing of undigested material out of the 
digestive compartment; the fourth and final stage of food 
processing in animals. 

AiijJI iy^^JI jj^JI r- jU. A-« j,,^^ «il jji jl _^J| J jji COMl 
OUI jj^JI J (JliiSl Jj1«j3| ^> » JJ^VI J AjuI jj| 

embryo (em'-bre-6) A developing stage of a multicellular 
organism. In humans, the stage in the development of 
offspring from the first division of the zygote until body 
structures begin to appear, about the 9th week of gestation. 

i jLaiVI J .L£Uil SAA»S« AxJl CjUilSlI J SjjLia Alz.jy> (jjjaJI 
.(J*aJl ,> ^Ull ^J^Vl Jl >^ ' JJ4-^' (jS 

embryo sac The female gametophyte contained in the ovule of 
a flowering plant. 

. j* jA\ CjLuSl 4 ,h}\ ^ Sj yz. jA\ Ajjiij^l Aj^ijjJI AlUil (>i»JI (JuA 

emergent properties New properties that arise with each step 
upward in the hierarchy of life, owing to the arrangement and 
interactions of parts as complexity increases. 

.jixjll jl j LilS «.l j^.^1 d!ic.Ujj cliUiijj i. *)■ ai iSUiJl 
endocrine gland (en'-do-krin) A ductless gland that 

synthesizes hormone molecules and secretes them directly into 
the bloodstream. 
o^uLl-j ejj-uiaj La jjij j Qyctj$\\ cjLijj^ (3^*-^ ^ * ' n fil i A 'hi i^I I Sjiil 

. f il ^jk* J 

endocrine system (en'-do-krin) The organ system consisting 
of ductless glands that secrete hormones and the molecular 
receptors on or in target cells that respond to the hormones. 
The endocrine system cooperates with the nervous system in 
regulating body functions and maintaining homeostasis. 

jjii frbu^i jjc j> jjSlj ^jll ^ jLj^JI ^ jUusil jlf^l 

' .\!^ ^yjll ^'^'■■■^1 LjiUJl J ji AjIj ja. Cjibiiawj Cljyi J>> 
LjjUij ^ihVi J j,n«il jLjiJl ^ c5 jL-«-^l j*-^' UJ^. .^J^ 1 J*^ 

.i-il nil ii VI Jo JaUiJlj j^uiiJl 

endocytosis (en'-do-sl-to'-sis) Cellular uptake of molecules or 
particles via formation of new vesicles from the plasma 
membrane. 

endoderm (en'-do-derm) The innermost of three embryonic 
cell layers in a gastrula; forms the archenteron in the gastrula 
and gives rise to the innermost linings of the digestive tract 
and other hollow organs in the adult. 

. -J* ajV'r" LOUJl <> cJiA <±£Li.-> Ajklall aLUI. <^aUll juiVl. • 
•....A^lJ 'Ajkkjll-. yu Ji\ cf JjJJ fcJA-Jl' J (^jtAill -jk X^Wj 

.LSjiVl Ai ja^ll <.UbtVlj ^n^l l <J#^ 

endodermis The innermost layer (a one-cell-thick cylinder) of 
the cortex of a plant root; forms a selective barrier 
determining which substances pass from the cortex into the 
vascular tissue. 

Sjiia (j* (Sji.1 jil Ajkil t5ku> J Ajl jkuji) Ajkljll AlAill AjkUl i 

Jj SjiSlI ^> Jill Jl jJl jjikj ^ill j J^" 1 j?^ (JSj^j iCjLull jk 

.^jjLc j!l jy"^' 

endomembrane system A network of membranes inside and 
around a eukaryotic cell, related either through direct physical 
contact or by the transfer of membranous vesicles. 

lAjjl jjiil AjkSl J Jib Aj^icVI (> ASii Jilill fU*jl jLf? 
AjjUiill CIiLlIuisJI (Jij ji jjiUo Jib (JU^ul JUi (>i Ul Akujxi 

endometrium (en'-do-me'-tre-um) The inner lining of the 
uterus in mammals, richly supplied with blood vessels that 
provide the maternal part of the placenta and nourish the 
developing embryo. 

Aj_^j]| Ajc jVLj AjjiJl iCjLujjII J ^jll <> AjklJl AjLkil {±J\ AjUaj 

.(jjjaJl ij'^i j A-aJjiLall <ya_ l _ s Aj* y i\ t j3jJ Jill 
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endoplasmic reticulum (ER) An extensive membranous 
network in a eukaryotic cell, continuous with the outer nuclear 
membrane and composed of ribosome-studded (rough) and 
ribosome-free (smooth) regions. See also rough ER; smooth ER. 
iA^Ijj^JI ^ S AiLic (£R) iikUl Aj j4$JI ASjJJI 
f> JW > Ai!>j ^ jbUl ^ j^l tLiiJl ^ 4,1, n!u 

ER j kjill ER bjJ Jn\ .(Aid) ^ > aJU ^Llicj (ajjs) 

.Aidll 

endosperm In flowering plants, a nutrient-rich mass formed by 
the union of a sperm cell with two polar nuclei during double 
fertilization; provides nourishment to the developing embryo 
in the seed. 

jjjL (JSJS 4jj|ji]l j| _jJ_j iuc aJjS iAjjA jll CjUUli ^ fiJj^uJl 
U, 5jrjJ>!l ^jUai.VI *bji ^jLs ^ ^ ^Ldl /,| jjaJl 4ak jUjI 

endotherm An animal that derives most of its body heat 
from its own metabolism. Examples include most mammals 
and birds. 

endothermic Referring to animals that use heat generated by 
metabolism to maintain a warm, steady body temperature. 
See also endotherm. 

SjJ^I S J jaJ| ^jiJL^i ^ill CjUI jjsJI J) I J ^pJI culi 
^Jib .SjljaJl A^jJ Cjlij A^ll iUaJl 

.jl j^Vl 

energy The capacity to cause change, especially to perform 
work. 

.JUcVI «•! j^V A-~aU ijiiiull ^ S jjall AiUill 

entropy (en'-truh-pe) A measure of disorder. One form of 
disorder is heat, which is random molecular motion. 

AjjI j) ^ r- 

enzyme (en'-zim) A macromolecule, usually a protein, that 
serves as a biological catalyst, changing the rate of a chemical 
reaction without being consumed by the reaction. 

(J^ji 'L?J^ 3**- cU*£ J*>4 U^JJJ »Jl£- jjSj ^ ja. jju)ft| 

epidermis (ep'-uh-der'-mis) (1) In animals, one or more living 
layers of cells forming the protective covering, or outer skin. 
(2) In plants, the tissue system forming the protective outer 

■ covering of leaves, young stems, and young roots. ' 

cJS-vij yjSl LOUJl cMik iy> jSi ji SAi.1 j aLL t cJu\ jjaJl ^ (l)Sj*3u]| 
<M f Uii <c*Lill- ^ (2)- jkll Jtf «i! VJaili 

: • .: ■ ■,. •. • - j jjbu jLiJipti^i * Lkiii • 

epididymis (ep'-uh-did'-uh-mus) A long coiled tube into 
which sperm pass from the testis and are stored until mature 
and ejaculated. 

4_u^J| ^ AjjLJI CijljaaJl i_jjjL (JjjL ujjji jujJI 

epithelial tissue (ep'-uh-the'-le-ul) A sheet of tightly packed 
cells lining organs, body cavities, and external surfaces; also 
called epithelium. 

esophagus (eh-sof -uh-gus) A muscular tube that conducts 
food by peristalsis, usually from the pharynx to the stomach. 

essential amino acid An amino acid that an animal cannot 
synthesize itself and must obtain from food. Eight amino acids 
are essential for the human adult. 



essential element In plants, a chemical element required for 
the plant to complete its life cycle (to grow from a seed and 
produce another generation of seeds). 

SjjJ jLaSV cjbil! t-jjik* yjU-jS j.^V. iCiUUill ^ cSjjj^aJI ^^'1^ 

essential fatty acid An unsaturated fatty acid that an animal 
needs but cannot make. 

^ ;!v;. ,n 

essential nutrient A substance that an organism must absorb 
in preassembled form because it cannot synthesize it from any 
other material. In humans, there are essential vitamins, 
minerals, amino acids, and fatty acids. 

estrogen (es'-tro-jen) One of several chemically similar steroid 
hormones secreted by the gonads; maintains the female 
reproductive system and promotes the development of 
female body features. 

ethylene A gas that functions as a hormone in plants, triggering 
aging responses such as fruit ripening and leaf drop. 
<Jiu Aiji^li ^LUiul coULiiSl ^ jy, J«j jix. (jjLiiVI 

•l-j'jj^' iiaUaJj 4^£U1| 

eudicot (yu-de-kot) Member of a group that consists of the 
vast majority of flowering plants that have two embryonic 
seed leaves, or cotyledons. 

Eukarya (yu-kar'-e-uh) Domain of life that includes all 
eukaryotes. 

.eljill ^Sjia. (^ic ^jjij ^51 SUaJl i*1Lm ^> ASL« SljiJI AjLii 

eukaryotic cell (yu-kar-e-ot'-ik) A type of cell that has a 
membrane-enclosed nucleus and other membrane-enclosed 
organelles. All organisms except bacteria and archaea are 
composed of eukaryotic cells. 



evaporative cooling The process in which the surface of an' 

object becomes cooler during evaporation. 

. J#M' '^Uiil yjj| -jiku: bJiU. ^i i^i j AjLt (^jjijill Jj>u^i 
excretion (ek-skre'-shun) Hie disposal of nitrogen-containing 

metabolic wastes. 

exocytosis (ek'-so-sl-to'-sis) The movement of materials out of 
the cytoplasm of a cell by the fusion of vesicles with the 
plasma membrane. 

external fertilization The fusion of gametes that parents have 
discharged into the environment. 

.Aiull ^ tbVl U> u^kli ^1 ^1 joVl C U^I (^jbUI ^.j.^-H 



F i generation The offspring of two parental (P generation) 
individuals; F, stands for first filial. 

.JjVl t? jjJl yr«J F, S(P lW) jjJjS J«j Fj J#> 

F 2 generation The offspring of the F, generation; F 2 stands for 
second filial. 

•cPbl' ^1 ^ p 2 SFi p 2 
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facilitated diffusion The passage of a substance through a 
specific transport protein across a biological membrane down 
its concentration gradient. 

JJ_y> yM^A jLuujl 



family In Linnaean classification, the taxonomic category above 
genus. 

fat A lipid composed of three fatty acids linked to one glycerol 
molecule; a triglyceride. Most fats function as energy-storage 
molecules. 

Sjjj j i n j \* Jl jaj Aiaiij^ 4_uAJi ^paLoJ CIl^j <j^ ■"'> (j^AjJI 

feces The wastes of the digestive tract. 

fertilization The union of the nucleus of a sperm cell with the 
nucleus of an egg cell, producing a zygote. 

^HiV l4_JaJjill Ajli. Sljj fj _ji«]l jljjaJl Ajla, SI _jj jbvjl i .j.^AllI 

-' 'J^ ' 

fertilizer A compound given to plants to promote their growth. 

j^jil Sjc-Lui^l] clibbill A ^li . '^j^ i _»nih ill 

fiber (1) In animals, an elongate, supportive thread in the 
matrix of connective tissue; an extension of a neuron; a 
muscle cell. (2) In plants, a long, slender sclerenchyma cell that 
usually occurs in a bundle. 

Aij^Vl A3 ji^ix ^IcO Jjjk lui 1CI1UI jpJl ^ (1 ) tiUVl 
jjiijjll bib\. iCjbbjll (2) .<bLbc -Lli. i jj.'^'H JjAsj i4-«LiaJl 

Cjlc Jfl-N o J SjUv JjJ&J ^Jl ^l-iil 

fibrin (fy'-brin) The activated form of the blood-clotting 

protein fibrinogen, which aggregates into threads that form the 
fabric of a blood clot. 

£">ajj LS^Ij 'f-^l J^-i lltfJJJ L^J^J^ AjLxill j jo-ail jjjjjiJI 

i( a^]l jiaj* (J^UJ -^J^a. 

fibrinogen (fy'-brin'-uh-jen) The plasma protein that is 
activated to form a clot when a blood vessel is injured. 

<Uc. jVl 4jL-aj Aic AlaiaJl jjjaj] JaAjj ^iil Luj^LlI ijiijjj (jjia^jjjjiil 

fibrous connective tissue A dense tissue with large numbers 
of collagenous fibers organized into parallel bundles. This is 
the dominant tissue in tendons and ligaments. 

<_sUlVI (yt SjJjS Jl^cl ^jic i_5jaao ' gjm'i jiAjilt gnni'ill 

iLuj^l (jj (joU^ill gJJjull jH li* j jl jla ^ ja, J Aiij^ll A /ir»V jSJl 
" . , . . .. . -J^lj 

filtrate Fluid extracted by the excretory system from the blood' 
• or Bvjdy cavity. The' excretory- system- produces urine from the ' 

filtrate after removing valuable solutes from it and 

concentrating it. 

,^-ui^JI L_ij^j jl j^a £- jlxall |jliajll A U . A jj ^j^'.m (JjLwj 4»^Luij 

j 4ut$A\ AjiliSl jIjaJI -dl jl aij Ai.Lijil j^ J^Jl ^jL ?- jkJl ^Uaill 

.U jj£ jj 

first law of thermodynamics The principle of conservation 
of energy. Energy can be transferred and transformed, but it 
cannot be created or destroyed. 
JsSjj ji jioj aSUJI .aMJI Jiia. iiu AjjIjaJI i : <i»\'. : \n JjVI (^jjlill 

.U ji^Jj jl bili, jLcj N| jS] t J jaoj ji 

fission A means of asexual reproduction whereby a parent 
separates into two or more genetically identical individuals of 
about equal size. 

flagellum (fluh-jel'-um) (plural, flagella) A long cellular 
appendage specialized for locomotion. The flagella of 
prokaryotes and eukaryofes differ in both structure and 
function. Like cilia, eukaryotic flagella have a 9 + 2 



arrangement of microtubules covered by the cell's plasma 
membrane. 

JaUu (l _ih*VI jil j ^jjS j3l| UH'i SI SI jill 

U_pLJl dLiij olii^ 2 + 9 j ^-JJ>» nijij ts_i SI _jill 

fluid feeder An animal that lives by sucking nutrient-rich 
fluids from another living organism. 
<uiiJl iiiliiJl jlj^Si jjjL jjt (jlji^ JjIj^JI (j ^ i ii l 

AjiJl CiUKll t> Jj| jjAj 

fluid mosaic A description of membrane structure, depicting a 
cellular membrane as a mosaic of diverse protein molecules 
embedded in a fluid bilayer of phospholipid molecules 

cjUjjiJI ^ A_ijLjj (JjI^jlj) ^ S^ ji.j>ill Xc jILJl /jjjj^jII CjIIj j^J 

4 '^] J Q L '' q l l 4 > .'ni l 

follicle (fol'-uh-kul) A cluster of cells that surround, protect, 
and nourish a developing egg cell in the ovary. Follicles secrete 
the hormone estrogen. 

(jeofail ^ 4_uUll 4-Jaj^Jl A iKl ViJ^'i j^jll b!>Ujl J jilt V 1 !^' 
.ijx*. jjIujVI U^J* SH^^^ j^i J Uj°^ 'J 

food chain A sequence of food transfers from producers 
through one to four levels of consumers in an ecosystem. 

ij-a ^UJall ^-n'i'k qm jaUJall d^iLli joi (Ji «\ nil jiljil]! A 1i nil n 

forensics The scientific analysis of evidence for crime scene 
and other legal proceedings. Also referred to as forensic 
science. 

^W^VI U jji j ^j^ll aJj'V u-^I JiK'ill (j^j-iJI t-ilall 

_ t ^£.^!i]l ( aixll jXujU l^lll jUaaII ,*U3 _ajliil 

fossil A preserved remnant or impression of an organism that ^ 
lived in the past. «w 

founder effect Genetic drift that occurs when a few W) 

individuals become isolated from a larger population and form W 

a new population whose gene pool is not reflective of that of ® 

the original population. <r 

A ;l,^l 4iaJ| 

fragmentation A means of asexual reproduction whereby a 
single parent breaks into parts that regenerate into whole new 
individuals. . 

^Ii nil JljJJ.f.1 ja.1 Jl JjLa l_j| j i iff l Cilia, (^uK^ll ^11 jlill ALuaj JJXjJI 

fruit A ripened, thickened ovary of a flower, which protects 
developing seeds and aids in their dispersal. 

JcUjuj Aid-ill JjiJl cs- 4 ^ cJ^'j 40jA jll (_y* g^alill jjiuiJI A^SUJI 

functional group A specific configuration of atoms commonly 
attached to the carbon skeletons of organic molecules and 
involved in chemical reactions. 

(Jii^Jb AxiLi Sjjm; -kiijj Cjl jill SAla-« Vn^'i 4 jijlijjl Z£.ja-\a\\ 
.■Lul u 1*^11 Ciilclijll J liljijjj AjyJmM CjUu jiil _jJjSll 

Fungi (fun'-ji) The kingdom that contains the fungi. 

Cjbjliill ^Jt tjjn'i ASLu, jlaill 



gamete (gam'-et) A sex cell; a haploid egg or sperm. The union 
of two gametes of opposite sex (fertilization) produces a 
zygote. 

jj* (jiu_)C. jbsJil ^pbjj (_$ jam (jl jja. jl A_Jaj_jj MjinK <uli (jji j«JI 

.Cj_jiJ jll Jul jj (jJjJ (l_jL-ai.j) (jjilii-a jj 
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gametogenesis Hie creation of gametes within the gonads. 

AjLiUill A^Jl yJ je^l jii yA J&V! OJ* 3 

gametophyte (guh-me'-to-fit) The multicellular haploid form 
in the life cycle ot organisms undergoing alternation of 
generations; mitotically produces haploid gametes that unite 
and grow into the sporophyte generation. 

^1 jKll iLa. S jjj tObUl ja*1« ^Jbjill J^ili Aj^ Aibll 
^ £*aoi <ibj3 ILijci glli ^1 j sjle^l JjAu J) ^JjJ ^III j 

.(jt _jJl Cijliil Jji. 

gas exchange The exchange of O, and CO, between an 
organism and its environment. 

gastrula (gas'-tru-luh) The embryonic stage resulting from 
gastrulation in animal development. Most animals have a 
gastrula made up of three layers of cells: ectoderm, endoderm, 
and mesoderm. 

.ijjbljjajl y± SAUlJI jjSj ~y glli ^1 AjilisJl Akjjl SjjfcJI 

.Jaw jUl ^jjVl J ^Ul f^Vlj 

gastrulation (gas'-tru-la'-shun) The second major phase of 
embryonic development, which transforms the blastula into a 
gastrula. Gastrulation adds more cells to the embryo and sorts 
the cells into distinct cell layers. 

Jj_pjj ^jii jjjjjaJl j^ki y* Ajjlfill Aiujjjll AkjJl jJjmJI Qj<& 
JiiiJ! ,jSj tpUll y> lijj* . ii i nj SAixJl .Sau_J| Jj A^jj^I 
.bjbj A^iti \SXL CiLL Jj b>iJl . ij ajj 

gene A discrete unit of hereditary information consisting of a 
specific nucleotide sequence in DNA (or RNA, in some 
viruses). Most of the genes of a eukaryote are located in its 
chromosomal DNA; a few are carried by the DNA of 
mitochondria and chloroplasts. 

■^^y (J^Ajj Jm y_khjj yjll 4jjIj_j5I CjU jkjJl Jy, A] jxi« oJij (j±?JI 

^1 jjiUl J^^L Jjlill Ji ^ S^ju _^ jjSl! Uil ^ii SI y\\ 

genetic engineering The direct manipulation of genes for 
practical purposes. 

4jLc <_ilA»V LjliuJJ jJiUJl JjlJjll Ajjij^JI 4-ui4^J| 

genetics The scientific study of heredity. Modern genetics 
began with the work of Gregor Mendel in the 19th 
century. • • • - ' 

jLatb JljAiJl AjI jjll fie .Ajljjll Aiakll AaJjaII 4jIj_j]| fjfi 

genomics The study of whole sets . of genes and their. . .. ■ • 
interactions. 

genotype (je'-no-tip) The genetic makeup of an organism. 

genus (je'-nus) (plural, genera) In classification, the taxonomic 
category above species; the first part of a species' binomial; for 
example, Homo. 

* jaJ| {£^1 jjj ^sll n iji . a'J l ^3 (<_^Ua.i ^ojl) (juiajl 

germinate To start developing or growing. 

gizzard A pouch-like organ in a digestive tract where food is 
mechanically ground. 

glans The rounded, highly sensitive head of the clitoris in 
females and penis in males. 



glia A network of supporting cells that is essential for the 
structural integrity and normal functioning of the nervous 
system. 

global climate change Increase in temperature and change 
in weather patterns all around the planet, due mostly to 
increasing atmospheric C0 2 levels from the burning of fossil 
fuels. The increase in temperature, called global warming, is a 
major aspect of global climate change. 

4<uSbJI ^ajjll ^y^uu ^1 j SjljaJl jj Sjbj .C^bjiiJl J j3j 

glucagon (glu'-kuh-gon) A peptide hor mone, secreted by the 
islets of Langerhaus in the pancreas, that raises the level of 
glucose in the blood. It is antagonistic with insulin. 

glycogen (gli'-ko-jen) An extensively branched glucose storage 
polysaccharide found in liver and muscle cells; the animal 
equivalent of starch. 

is* •'yt-y 'Ji& ^jbAj jjS jiiJl jjjijl 'iJOxla Ajjliu (jaii jUc 

.Liiil ^1 jj^JI ylUl sU^Ji ipuJu 
glycolysis (gli-kol'-uh-sis) The mulfistep chemical breakdown 
of a molecule of glucose into two molecules of pyruvate; the 
first stage of cellular respiration in all organisms; occurs in the 
cytoplasmic fluid. 

.J^l JiUI ^ 
glycoprotein (gll'-ko-pro'-ten) A protein with one of more 
short chains of sugars attached to it. 

4j 4 \ . rt" n \ \ jU| (JujXj (ja JjAjJI (y, Ailj Aj Qlljy ^Jjluill yjJJjJI 

Golgi apparatus (gol'-je) An organelle in eukaryotic cells 
consisting of stacks of membranous sacs that modify, store, 
and ship products of the endoplasmic reticulum. 

^iLbll 4j]jj^JI AS-uill CjUjIo j Qjjij j JjA»jj ^ jii ^1 4j3LiiJl 

gonad A sex organ in an animal; an ovary or testis. 

granum (gran'-um) (plural, grana) A stack of membrane- 
bounded thylakoids in a chloroplast. Grana are the sites 
whe're light energy is trapped by chlorophyll and converted 
~\ r to. chemical energy during, the light reactions of--- ; ■• - -.. 
photosynthesis. 

aIUJI ^x^i l^j ^ jSUVI ^ djb^SJl .«( olAiiu^bll 

ground tissue system A tissue of mostly parenchyma cells 
that makes up the hulk of a young plant and is continuous 
throughout its body. The ground tissue system fills the space 
between the epidermis and the vascular tissue system. 

(y 'is-y+A Jiii' ^jll JLJI L£U. (y gtJ^ ^LuVl u >.lnil1l j»Uii3l 
^LuVI t ^>j i «il l ^baiil ,b«io. jxiluuj Sjji^all CAJLull 
.(jlcjll ^ i oiI I ^.Uiill j S J 4 hll ijM ClAiljill 

growth factor A protein secreted by certain body cells that 
stimulates other cells to divide. 

biU. ysu SAla^ AjAvjii. b^ ,3jjL (jc. » jl jSl j»JJ yiijjj ^u]| yuajfr 

guanine (G) (gwa'-nen) A double-ring nitrogenous base found 
in DNA and RNA. 

,b J\ j bill 'ilyiy CiLakJl Aa.jJ y Ajiia-jjuS SAoli yul jiJI 
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guard cell A specialized epidermal cell in plants that regulates 
the size of a stoma, allowing gas exchange between the 
surrounding air and the photosynthetic cells in the leaf. 

t -»))Vl"l Jc i^AXJ ClAjUill ^5 4 4_LajAi *UjjjIaJ1 4_diJI 

H 

habitat A place where an organism lives; the environment in 
which an organism lives. 

haploid In the life cycle of an organism that reproduces sexually, 
a cell containing a single set of chromosomes; an n cell. 

jiJ J mhp» .lit jj]L ^jii ^ii! j^jiJI <jjl£ll »Lul 'ijjJi J cr^J* 
_q «ula. tCjUs j^i jj£il J>« flAji^ j-^ » Jc 

heart A muscular pump that propels a circulatory fluid (blood) 
through vessels to the body. 

Ajc jVI ctAi. ^> (^1) 4jjl jjil Jil yA\ 4 ilnr. 4-s,n<i ijfill 

-( XUiJl 

heart murmur A hissing sound that most often results from 
blood squirting backward through a leaky valve in the heart. 

« u n ' flRll ^Jiil ^ljJs jj-ii glli ^^juixuA Cll j. n * \ <l^Ai]| 

heart rate The frequency of heart contraction, usually 
expressed in number of beats per minute. 

Ait (jj^ia Jc Six. aJI SjUiyi icJill ^Uiil jIjSj i^JaJI 

heat Thermal energy; the amount of energy associated with the 
movement of the atoms and molecules in a body of matter. 
Heat is energy in its most random form. 
cJjjj^Jl j cjl jill SJaiij-Jl 4iLk]| i'AjJ jill <aUJl SjljaJI 

hemoglobin (he'-mo-glo-bin) An iron-containing protein in 
red blood cells that reversibly binds 2 . 

JaJjj j^ill f-ljxaJl jj^ll biU. .Alia. jjlc. j'Wj jiijJJ 

herbivore An animal that mainly eats plants or algae. See also 
carnivore; omnivore. 

Ujajl L_jlLi_Lll jl ClAjUill Jc 4j, nj'ij Sjj^aj t_/''J*J (jljJi. l— iulUJl 

.ojill i^SUl 

heredity The transmission of traits (inherited features) from 
one generation to the next. 

hermaphroditism (her-maf -ro-di-tizm) A condition in which 
an- individual has both female-and rriale 'gofiads ahd functions- ' 
as both a male and female in sexual reproduction by 
producing both sperm and eggs. 

heterotroph (het' -er-6-trof) An organism that cannot make its 
own organic food molecules and must obtain them by 
consuming other organisms or their organic products; a 
consumer or a decomposer in a food chain. 

4 , A ■» 11 4jjJa*JI -LavLVI CAjjji. (Ja& «^iU",..j ^ (^jjt 

heterozygous (het'-er-o-zf-gusj Having two different alleles 
for a given gene. 

Ai.lj jjjij (jlillLa j!llli Aj l_aHij 

hippocampus (hip'-uh-kam'-pus) An integrative center of the 
cerebrum; functionally, the part of the limbic system that plays 
a central role in the formation of memories and their recall. 



homeobox (ho'-me-6-boks') A 180-nucleotide sequence within 
a homeotic gene and some other developmental genes. 

or^ 1 Ji?- ^ APjJS JJJ 1 80 O- J'ai-JJ (jJjaJI (jjJluJI Cjlili 

_4_Lol_iSl CljlliaJl ^yt J,'^* '\l j 

homeostasis (ho'-me-o-sta'-sis) The steady state of body 
functioning; a state of equilibrium characterized by a dynamic 
interplay between outside forces that tend to change an 
organisms internal environment and the internal control 
mechanisms that oppose such changes. 

J^UlIb ^uj j jl jill rya aIW {■» 1, i>ll ijiLt ajAjII aJUJI 

homologous chromosomes (ho-mol'-uh-gus) The two 
chromosomes that make up a matched pair in a diploid cell. 
Homologous chromosomes are of the same length, centromere 
position, and staining pattern and possess genes for the same 
characteristics at corresponding loci. One homologous 
chromosome is inherited from the organisms father, the other 
from the mother. 

y ni l -i=kl 4 1 1 n'u jjj^jl J CjUj^JI l _y±u '^ J ^iT' .) _}"" '.J 

. f Vi > >Vi j s^i cy^ ^ ^ uP^\ 
homologous structures Structures in different species that are 
similar because of common ancestry. 

homozygous (ho'-mo-zi'-gus) Having two identical alleles for 
a given gene. 

.AsJ j jjiJ jiUiUl, (j^Uli Ljj JiVVI <1jU1a]| u jaajll 
hormone (1) In animals, a regulatory chemical that travels in 
the blood from its production site, usually an endocrine gland, 
to other sites, where target cells respond to the regulatory ^. 
signal. (2) In plants, a chemical that is produced in one part of 
the plant and travels to another part, where it acts on target «( 
cells to change their functioning. tf) 
jSLol ,3* ^aII ^ (Jiijj Aq^jhv; AjjLujS SjU 1C1UI jjiJl J (1) OJ^^I ^ 

1^.1151 j»l ^Ll«jS SaU icjUUill ^ (2) .^^bv^i SjUiVI (jJj AiajluL<Jl (9 

bilill (jit Jaij Cili. C-lja.1 Jl L&"JJ CjUill Ai.lj «. ji. 

humus (hyu'-mus) Decomposing organic material found in 
' topsoil.' ' 

Ajclj j!l L_pajVI J 'Jj?- a Ajji'nr. SjUo JLjAII 

hybrid An offspring of parents ofiwo different: species or of " ' 
. two different- .varieties of : one species; aa ;offsprirjg. of two • '- 
parents that differ in one or more inherited traits; an individual 
that is heterozygous for one or more pairs of genes. 

iJi 'j t_y Cy cjiiiti-s j jilft i nl jl Qj^'K < (jjc. y iJa ljV aJXji (jJ^fll 
jl ^jj J v ilKu Aj3 i jjSI jl AjjIjj Aiua J j rtti-v n (jjJjV A]!)Ua 

.CJ in 11 (j* jjSI 

hydrocarbon An organic compound composed only of the 
elements carbon and hydrogen. 

hydrogen bond A type of weak chemical bond formed when 
the partially positive hydrogen atom participating in a polar 
covalent bond in one molecule is attracted to the partially 
negative atom participating in a polar covalent bond in 
another molecule (or in another region of the same 
molecule). 

Uaic JSJijJ yJill <it«_i^Jl Axil \ nf,\\ iulj_>!l (>« £jj (jjja.JjJj^l iajljJI 
■^4' J J jULJI AjJLJI jja. jjAijil jj bj ji. .LLijjVLj iCXu jill 
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hydrolysis (hl-drol'-uh-sis) A chemical reaction that breaks 
bonds between two molecules by the addition of water; 
process by which polymers are broken down and an 
essential part of digestion. 

jp- J^>- Ja -M j^ 1 jn&i J«j J±ia£ JcLi; sub. 

LS* lSJJJ^ <•>■ Jf^'j '-'I ^iLc i^bJl AiUil 

hydrophilic (hi'-dro-fil'-ik) "Water-loving"; pertaining to polar 
or charged molecules (or parts of molecules) that are soluble 
in water. 

v> <-l>! J 1 ) ji ajjLSII CAiij^JL jki -cUl] .^Uj-...,, 

.eUl ^ JkS ^1 (cJi>]| 
hydrophobic (hi'-dro-fo'-bik) "Water-fearing"; pertaining to 
nonpolar molecules (or parts of molecules) that do not 
dissolve in water. 

.tUl J Jkli V ^li (CAi>]| 
hydroxyl group (hl-drok'-sil) A chemical group consisting of 
an oxygen atom bonded to a hydrogen atom. 

hypothalamus (hT-po-thal'-uh-mus) The master control 
center of the endocrine system, located in the ventral portion 
of the vertebrate forebrain. The hypothalamus functions in 
maintaining homeostasis, especially in coordinating the 
endocrine and nervous systems; secretes hormones of the 
posterior pituitary and releasing hormones that regulate the 
anterior pituitary. 

.A^UVI 4-ubUll jdili ^J| CjU ^ j$Jl ^Lkij AjikJl <i,„U-,t| 
hypothesis (hl-poth'-uh-sis) (plural, hypotheses) A testable 
explanation for a set of observations based on the available 
data and guided by inductive reasoning. 

.(jil jiiul JpaLj 2 r ^i j 4a.ll.ll -jUUII ^1 l.<»„| 

hypotonic Referring to a solution that, when surrounding a 
cell, will cause the cell to take up water. 

I 

immune system An animal body's system of defenses against • 
agents that cause disease. " ' ;i " "' ' ' • 

AJa jlj^dl ^ J jc. J j^xJl jl^aJl AC-tial) 

incomplete dominance A type of inheritance in which 
the phenotype of a heterozygote (Aa) is intermediate 
between the phenotypes of the two types of homozygotes 
(A A and aa). 

^j^jN cS>Lyi ix^ll <us OjSj ^jVI i> £jM hiatal jjc SjUuJI 
JiVVI <15UL. cjj^jli ^ ujj (Aa) JiVVI SjjUI. 

. .(aajAA) 
induction During embryonic development, the influence of 
one group of cells on an adjacent group of cells. 

inductive reasoning A type of logic in which 

generalizations are based on a large number of specific 
observations. 



inferior vena cava (ve'-nuh ka'-vuh) A large vein that returns 
oxygen-poor blood to the heart from the lower, or posterior, 
part of the body. See also superior vena cava. 

J\ ?Aj yjiJl jjc j^^S jV AaJ Jj ^iLJt i_i jiVI Jjj^I 

Ui^Vi ajj^Si u^i ji jut ^3^1 > JSJ| 

•s? 

infertility The inability to conceive after one year of regular, 
unprotected intercourse. 



l»4idl 



ingestion The act of eating; the first main stage of food 
processing in animals. 

j j\'£i\ jjidi j ^| ^3 y^^ji t jsVt <iLc ^yivi 

innate behavior Behavior that is under strong genetic control 
and is performed in virtually the same way by all members of 
a species. 



insulin A protein hormone, secreted by the islets of Langerhans 
in the pancreas, that lowers the level of glucose in the blood. It 
is antagonistic with glucagon. 

integration The analysis and interpretation of sensory signals 
within neural processing centers of the central nervous 
system. 

integumentary system (in-teg'-yu-ment-ter-e) The organ 
system consisting of the skin and its derivatives, such as hair 
and nails in mammals. The integumentary system helps 
protect the body from drying out, mechanical injury, and 
infection. 

Alil^j .ikll > ^331 ^ _^J| ^\ ^iLsJi ^1 
UilkJl ^ ^oJi Ajlij ^ ^jkJt f Uiill jcU .^Uu2l ^ jiLtVlj 

interferon (in'-ter-fer'-on) An innate defensive protein 
produced by virus-infected vertebrate cells and capable of 
helping other cells resist viruses. 

hJM\ L>kj! j,^ ^13! ^ ^Uu ^ik Jiijjj Ajji ^yi 
.CU.jjjjJt ^jii. g^ji ( ^ JJ: jilb ^U^J! 

intermediate One of the compounds that form between the 
initial reactant and the final .product in a metabolic pathway 
; such as between glucose/and pyruvate' in -glycolysis. •■. : - 

JjVl J&U-ll jjj jjiu Ji\ cl£ jA\ kujiAll ^ j^l 

intermediate filament An intermediate-sized protein fiber 
that is one of the three main kinds of fibers making up the 
cytoskeleton of eukaryotic cells. Intermediate filaments are 
ropelike, made of fibrous proteins. 

Aa^iJ\ (> S^lj ^ j iJau ji, ^iliijjj ^ibJi iawjjj iaA 

ijjiJi ;i ^iii j^ja Jli; ^Jij ^iUbU 

internal fertilization Reproduction in which sperm are 
typically deposited in or near the female reproductive tract 
and fertilization occurs within the tract. 

internode The portion of a plant stem between two nodes. 

interphase The period in the eukaryotic cell cycle when the 
cell is not actually dividing. Interphase constitutes the majority 
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of the time spent in the cell cycle. See also mitotic phase 
(M phase). 

.AjlaJl f ,lc JU Ji Ajil jjaJI <AsJ| o j J Sjill {/ i }# H 

,(M J^a]' flui^l Ak 

interstitial fluid (in'-ter-stish'-ul) An aqueous solution that 
surrounds body cells and through which materials pass back 
and forth between the blood and the body tissues. 

i( a-ui2iJl j j^ ^_aliJlj 

intestine Hie region of a digestive tract located between the 
gizzard or stomach and the anus and where chemical 
digestion and nutrient absorption usually occur. 

A=kj2j S^-all jl AL-ajiJl jjj £ij ^.^-ll J; ■ , ,\\ /ya Alkio fbmVI 
Axil-lidl jl^all ^L^oial j ^jl_Laj5i]l ( i J -ii^JI 1 » j<* ; " i w i 

invertebrate An animal that lacks a backbone. 

jsill j _jaul1I A^alij jl jja. CjUjliaiUI 
ion (i-6n) An atom or group of atoms that has gained or lost 
one or more electrons, thus acquiring a charge. 

qaj ijiSI ji ijjjjSlj CiilSa Jl i 'yuafA Cjljill Ac y>^M Jl ojj 

J ' ' ' "''^ 

ionic bond (i-6n'-ik) A chemical bond resulting from the 
attraction between oppositely charged ions. 

isomers (f-so-mers) Organic compounds with the same molecular 
formula but different structures and, therefore, different properties. 

' ^''-^ " eliij tj^lj Axu^Jl J"°" >"* CliL£j» '"'Ij^J 1 "Vl 

isotope (l'-so-top) One of several atomic forms of an element, 
each with the same number of protons but a different number 
of neutrons. 

Ale- Jc- ^jiaj (J£ t j.n'ull oAjJic AjjJ JlS^l j^ Jiilj ^Jaiil 

.Cjljjjlull jxi 4 qVi-s jl^c-lj CliU jjj jj| 

K 

kelp Large, multicellular brown algae that form undersea "forests." 

."CjUill" C.LJI jtkui Chj jjSjj biliJl 4_iij > ill ■-, h UuJI 

kilocalorie (kcal) A quantity of heat equal to 1,000 calories. 
Used to measure the energy content of food, it is usually 
called a "Calorie." 

."(_£jjil£il" Sjlx. ^j-cujj itliiJl j^o AaUall ."J i j"^ 

kinesis (kah^ne'-sis) (plural, kineses) Random movement in • ' 
.. .. re.spon^e.to a. stimulus.-. ..- . - ■- ■ 

.Ci j/uN AjL^IuiVI J Axil juic Ai^o. (cA£j2> ^ J^' 

kinetic energy (kuh-net'-ik) The energy of motion; the energy 
of a mass of matter that is moving. Moving matter does work 
by imparting motion to other matter. 

ASjsJLJl SjUII .tSljaJS SjLJI fjA AlS AilL iiS^pJI AjS^aJI 4iUJI 

kingdom In classification, the broad taxonomic category above 
phylum. 



labia majora (la'-be-uh muh-jor'-uh) A pair of outer 

thickened folds of skin that protect the female genital region. 

.^Vl cS^ ajL«Uj]| 
labia minora (la'-be-uh mi-nor'-uh) A pair of inner folds of 
skin, bordering and protecting the female genital region. 

AikiJl is **J i> CjULJI i> ?r j j (^1 jJLuaJI jjl jiuJI 



lactic acid fermentation Glycolysis followed by the reduction 
of pyruvate to lactate, regenerating NAD + . 

.NAD + j2 

large intestine See colon. 

larva (lar'-vuh) (plural, larvae) A free-living, sexually 

immature form in some animal life cycles that may differ from 
the adult in morphology, nutrition, and habitat. 

.(JjjJl j 

larynx (lar'-inks) The upper portion of the respiratory tract 
containing the vocal cords; also called the voice box. 

JU>.VI lSJ^J (^jJl J ^yinlull (JjfJl l> * jr^' 

^Cllji nil ^jJiVun \ > 'r\ )i ^-OJolJJ t4 ■ 

law of segregation A general rule in inheritance (originally 
formulated by Gregor Mendel) that individuals have two alleles 
for each gene and that when gametes form by meiosis, the two 
alleles separate, each resulting gamete ending up with only one 
allele of each gene; also known as Mendel's first law of inheritance. 

JJ^iJ?- liijk CP y^'jJ U^-Lu^ 1 f^) (j^ <-W O-jj^ 

CP _>cVI UJ^" biAic j jii. JSl (jjijil (j* bjj3 v_slLu ^jjll j (JaLi 

leaf The main site of photosynthesis in a plant; typically consists 
of a flattened blade and a stalk (petiole) that joins the leaf to 
the stem. 

^-iijlj A3j^ll iaJJJ (aL^ui) jLuij 

learning Modification of behavior as a result of specific experiences. 

1 0^>fii A-^ ;V' ^ii jiuill jjxj ^.U,jJI 

lichen (li'-ken) A close association between a fungus and an 
alga or between a fungus and a cyanobacterium, some of 
which are known to be beneficial to both partners. 

iflajjll Ljiillllj jlajll jjj ji i_jLJJ| j jkill jjj Jjjjj JaLlijI jlj^JI 
iL jj^j^ii3| Aji ^^^L^ Uyia (J^aaJ ujxj 

life cycle The entire sequence of stages in the life of an organism, 
from the adults of one generation to the adults of the next. 

(Jia. ^ (jjilJl t> 'y=>Jl C$^\ cK' J^LSlI cJ.nl..n)l SUaJI SjjJ 

life table A listing of survivals and deaths in a population in a 
particular time period and predictions of how long, on 
average, ap individual of a. given- age: will Jive.-; ■ : 

Aji«j SjjS ^ j^a Ciba jll j frUiVI i>» aLAji aUaJI CiL^a-a Jji^ 

JtujjjlJl Jjill j/ic J_ja. Cjbiajjj 4 m <i 

ligament A type of fibrous connective tissue that joins bones 
together at joints. 

Aiki* j»Ui»Jl iujj aL^i jJI Ajillil A,>,..iiVl (>« ^- jj kA jl\ 

, Ja^UuJI 

light microscope (LM) An optical instrument with lenses 
that refract (bend) visible light to magnify images and project 
them into a viewer's eye or onto photographic film. 

^jjJl (. £-UjS _yu£j CjLuUaJ Aj j.nj All (LM) (jJ J*^' •> ill 

light reactions The first of two stages in photosynthesis; the steps 
in which solar energy is absorbed and converted to chemical 
energy in the form of ATP and NADPH. The light reactions power 
the sugar-producing Calvin cycle but produce no sugar themselves. 

y-jil dl jLill (JjIcjII AjLc. ^ ,jjjk _y, Jji Ajj yjal\ CiitpUoJI 

S jy~a ^ AjjLujS ASLL Jl UJjjij j Aouuuill ASiyi j^aLuolol L$j3 ^ij 

jluJi A^liJl (jjilLS Sjjj ajjj^I cj^Liill .NADPH j ATP 
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limbic system (lim'-bik) A functional unit of several 
integrating and relay centers located deep in the human 
forebrain; interacts with the cerebral cortex in creating 
emotions and storing memories. 

Aibac^ Ailaiij J £ii aLiISIg aj^xlo j£l jaj 4_iii]a j o^v.j Ji^aJI jL^JI 

(Jj^-uu j jcXAJl jli J S ^,55 ^ Jdiu i^iLJl £Uj5I ^ 

.^b /ill 

lipid An organic compound consisting mainly of carbon and 
hydrogen atoms linked by nonpolar convalent bonds, making 
the compound mostly hydrophobic. Lipids include fats, 
phospholipids, and steroids and are insoluble in water. 

J Mjii ^ W-SV^J •^JJ^Jlj 4Jk jl£Jl Jl jAi j JjAJl Jo 

. t Ul 

liver The largest organ in the vertebrate body. The liver 

performs diverse functions, such as producing bile, preparing 
nitrogenous wastes for disposal, and detoxifying poisonous 
chemicals in the blood. 

4_uuji!| All jj j bj* ij^KM! 4j'ij^ jjlull ."i M Ual l oljclj c | jiuall 

.(.il J ^.UJl Ajli^SlI Si jA\ 
locus (plural, loci) The particular site where a gene is found 
on a chromosome. Homologous chromosomes have 
corresponding gene loci. 

/ ^<-iu CjLija. l^j 4IALI4II cliLo j-«jjSJI .j>_j^jxijSJl 

loose connective tissue The most widespread connective tissue 
in the vertebrate body. It binds epithelia to underlying tissues 
and functions as packing material, holding organs in place, 
.kjjj ,,j JM\ (wuoJl J IjLiijl ^Ui]| 4-W^I j&i ^L2J| jcj^uJI 

» ^ fcLjacVI ' ^J"? ' ejbi 4jI!loj J<ixjj 4iklJl 4^ i r -Vl 1 j;j l»lM l 

j lung An infolded respiratory surface of terrestrial vertebrates 
* that connects to the atmosphere by narrow tubes. 

f ,4 qj . a ^-iiAji ijjja 

lymphatic system (lim-fat'-ik) The vertebrate organ system 
through which lymph circulates; includes lymph vessels, lymph 
nodes, and the spleen. The lymphatic system helps remove 
toxins and pathogens from the blood and interstitial fluid and 
returns fluid- and solutes from the interstitial fluid to the ' 
circulatory system. 

Jc^jiJll-.j.UalSI O&Luu .JUiall^. 4J>-J:-.iie. j AjLJ *qe. jj'Jc J y- 

JjUl ai*jj JibUl (JjUlj j>Jl cjUbj^ll j oUliplI 4JI jl 
.Jl jjJ fUiill Jl J^LjJl JjUl ^ 

lymphocyte (lim'-fuh-slt) A type of white blood cell that is 
chiefly responsible for the acquired immune response and is 
found mostly in the lymphatic system. See B cell; T cell. 

.T Lj^i .yj^lll UlLc. ^.yj 4 ..„-;<4 l kc\lA\ 

lysosome (ll-so-som) A digestive organelle in eukaryotic cells; 
contains hydrolytic enzymes that digest engulfed food or 
damaged organelles. 

M 

macromolecule A giant molecule formed by the joining of 
smaller molecules, usually by a dehydration reaction: a 
protein, carbohydrate, or nucleic acid. 



macronutrient A chemical substance that an organism must 
obtain in relatively large amounts. See also micronutrient. 

er^' .jKll I^jL J-^i^j ji >_uu ^U-ojS »Jta jlJAAil SjjjS oUiuJl 

malnutrition A failure to obtain adequate nutrition. 

mammal Member of a clade of amniotes that possess 
mammary glands and hair. 

mass number The sum of the number of protons and neutrons 
in an atoms nucleus. 

% jjJl {.j cjUjjS jjill j cJi _jj jjJ! jljici £ ^jJjSII jj»J| 
matter Anything that occupies space and has mass. 

AiZL aIj Jjij c Lr ^ ^1 sjLa.1l 
meiosis (mi-6'-sis) In a sexually reproducing organism, the 
division of a single diploid nucleus into four haploid daughter 
nuclei. Meiosis and cytokinesis produce haploid gametes from 
diploid cells in the reproductive organs of the parents. 

JI "IjJjail AjlkiiJl SI _j3ll ^jjjjj t l jinK, %Sl\ jloll CiUilSlI J ■ »' VI 
LjiUjI jjA Hal jti j h i Ail l j ■> — al .n'tiVI gjjj .^l- 3 ^ SaJ j 4juji 

memory The ability to store and retrieve information. See also 
long-term memory; short-term memory. 

mesoderm (mez'-6-derm) The middle layer of the three embryonic 
cell layers in a gastrula. The mesoderm gives rise to muscles, 
bones, the dermis of the skin, and most other organs in the adult. 
^oVI .^iDfil *jj , hA\ Liull cMA* aL^ jU\ i'iXW h^> ^sH\ 

mesophyll (mes'-6-fil) The green tissue in the interior of a leaf; 
a leaf's ground tissue system; the main site of photosynthesis. 
V^VI flto SASjjll Jib j^biVl t-^I 

. Jlj^Joll JjIojII ^j-uuljll ^3 $43 j _}!] jVI 

metabolic pathway A series of chemical reactions that either 
builds a complex molecule or breaks down a complex 
molecule into simpler compounds. 

jl bS^a bj ji. ^iii Ul yjil 4jiLiojlll Cj^ULiill y.nl.n (j^ajVI cW^I 
4iLuu jjSI CibS^o Jj bS^o bj j^ j . X' 

metabolic rate The total amount of energy an animal uses in a 
unit of time. 

jll j> S-bLj J jljJiJl b-o^iiou j!l 4JLL1I 'iu& JUil o^i^l Jj»a!I 

metabolism The totality of an organisms chemical reactions. 

metamorphosis (met'-uh-mor'-fuh-sis) The transformation of 
a larva into an adult. See complete metamorphosis; incomplete 
metamorphosis. 

.jjiJbil J iijJI J <JUiu<VI 

metaphase (met'-eh-faz) The third stage of mitosis, during which 
all the cells duplicated chromosomes are lined up at an imaginary 
plane equidistant between the poles of the mitotic spindle. 

methyl group A chemical group consisting of a carbon atom 
bonded to three hydrogen atoms. 

microfilament Tlie thinnest of the three main kinds of protein 
fibers making up the cytoskeleton of a eukaryotic cell; a solid, 
helical rod composed of the globular protein actin. 

UJ^ Ls&h "^^fi JjJ' ^jyi o» 4 jni ii j ^| jjj Aj^rj ^-^j J iiuiJI 

■CSjjS OPJJJ U4JSI l> l-iJ> <- r ^u a J J jk i.IJi^S i4jj| jJiJl 4 iKll J 4jK'l 
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micrograph A photograph taken through a microscope. 

j^^Jl yp. Ajjljc. jjj3 "ijy^a <Lj$aa!| a jy^\ 

micronutrient An element that an organism needs in very 
small amounts and that functions as a component or cofactor 
of enzymes. See also macronutrient. 

Alii] aLB CLuiL> jjt£3l Ai.U=u j^ic JjiaJI SAAj CiUiL^I 

6 jl£i cl:L;ji_*i \ i n it ^tul CllL&J -IcLuui j ■ jl jj!Lc£ (J^ixj <_£jlllj 

.jhLJl 

microtubule The thickest of the three main kinds of fibers 
making up the cytoskeleton of a eukaryotic cell; a hollow tube 
made of globular proteins called tubulins; found in cilia and 
flagella. 

JSja j j£j 1 _ ? j^j i aLJ*y I {ja 4 iui.i i j aIl)4j jj^o £• jj tjLujI i ,ij h'iVI 

l5 -qj-oj Ajj CjUiij^j j^i n< ^-jj^-l 4-1 _afii iAjjljj^ll AjliJl ^ AjliJl 

^IjA^I -J^^a •d^jij^ is^i <-Sj_£ dkHJJJ ily ' ■ ' n 

-kl hull j 

mineral In nutrition, a simple inorganic nutrient that an 
organism requires in small amounts for proper body 
functioning. 

klLbdj ^-ijl l$>l'i\j Aj^Jae jjc. 4jj|jc SjU cAjjjull ^ jJa^ll 

.A-ajluj n) ^ i 11 ^ 9 ll In j (Jjjujj] S^jJxj-a 

mitochondrial matrix The compartment of the 
mitochondrion enclosed by the inner membrane and 
containing enzymes and substrates for the citric acid cycle. 
^Jt ^jli-ij ,_ 5 Ktall c-LiiJL JaLi-« SjjiUll ^ jl5L« jjjiiill <ti_$iuia 
liLjidl j^i^'. SjjjI CjLhj jjj 

mitochondrion (mi'-to-kon'-dre-on) (plural, mitochondria) 
An organelle in eukaryotic cells where cellular respiration 
occurs. Enclosed by two membranes, it is where most of the 
cell's ATP is made. 

t^ji CjAi-i Ajjl jj^Jl biliJl Cli u'nr- (lilji&Ia fr^') »J friall 
biUJl ATP " OiJ^ ^ (Hi lS^' (_jlS-cJl i jjjLuij i-LL^o (_j jliJl 

mitosis (ml'-to-sis) The division of a single nucleus into two 
genetically identical nuclei. Mitosis and cytokinesis make up 
the mitotic (M) phase of the cell cycle. 

Sj^lill lilil jiJlj (Jiiiill (ji&Lolo d£\y »Jjj-o »l _jj jaUiisjl JjiJI 

.A-lliJS ojjj] (M) Ajjjiill AkjJl (JSJu 

mitotic phase (M phase) The part of the cell cycle when the 
nucleus divides (via mitosis), its chromosomes are distributed 
to the daughter nuclei, and the cytoplasm divides (via 
cytokinesis), producing two daughter cells. 

j»i ■ ( J''«''ll jjc) ( i i irtTi LcAjc Ajlidl SjjJ j* «• Jx?. AjIjSjII <Ui j^JI 

. jjjjjj jj'ijK LaJiia ((AjjliJl 

mitotic spindle A' football-shaped structure formed' of 
microtubules and associated proteins that is involved in the 
movement of chromosomes during mitosis and meiosis. 

CjUjj j jjj mii'iI j* jj£-« ^JS s jS Je. *Lij fjkkil\ jjtujAjVI Jj«-4 

mold A rapidly growing fungus that reproduces asexually by 
producing spores. 

■i) C^'' ^ b'"'^ jj^jj ' ,j 4_> iji 'jj*^ CjLjjLa £ji«JI 
molecular biology The study of the molecular basis of genes 
and gene expression; molecular genetics. 

n>ll JJJ^Ij CjLmil ^jjjj^Jl jjaLuVI AjjIjJ AjjjjiJI Li^ijiJI 

.AiujiJl 4jjI jjll AjjiAi^Jl 

molecule Two or more atoms held together by covalent bonds. 

Aj^aLuij -kjljjJ [jloiiiij-a jjSI jl (jljji P(£ jaJI 

monocot (mon'-6-kot) A flowering plant whose embryos have 
a single seed leaf, or cotyledon. 

Alia ji '4jJj3 Sjij 1^1 j Clllj jjjjJI Ajjlfr 

monohybrid cross An experimental mating of individuals 
differing in a single character. 

Sj jL> i^U. ^ jjalii^ j| jiV (jjjj^j ^ jlji <j1sJ| ^jIaS ctf^JI 



monomer (mon'-uh-mer) The subunit that serves as a building 

block of a polymer. 

jJJi ^^jUj J^LxS cU*j (j^l 4jc jill ^11 
monosaccharide (mon'-o-sak'-uh-rid) Hie simplest 

carbohydrate; a simple sugar with a molecular formula that is 

generally some multiple of CH 2 0. Monosaccharides are the 

monomers of disaccharides and polysaccharides. 

mouth An opening through which food is taken into an 
animals body, synonymous with oral cavity. 

muscle tissue Tissue consisting of long muscle cells that can 
contract, either on its own or when stimulated by nerve 
impulses; the most abundant tissue in a typical animal. 
See skeletal muscle; cardiac muscle; smooth muscle. 

^5 Sj3j JJ^V 4%.i/)VI djlg-ilaj 4-ijj Li^ic. jl Ajjliil L^jj^-nJ UjJ 

muscular system The organ system that includes all the 
skeletal muscles in the body. (Cardiac muscle and smooth 
muscle are components of other organ systems.) 

yi AjKijll dj!lJajJl ^Je J«ih\i ^ ill ^ ^iJaxJl fliijll ^jIu m JI jjUajJI 

c\ i f-ir.l 

mutagen (myu'-tuh-jen) A chemical or physical agent that 
interacts with DNA and causes a mutation. 

SjilJl l_lAulJj U^ll £A (JoUjJ ^Ljjjj jl j^jjliOjS J.r-lir. J^h/lll 

mutation A change in the nucleotide sequence of an organism's 
DNA; the ultimate source of genetic diversity. A mutation also 
can occur in the DNA or RNA of a virus. >- 
ji^Jl ^iisll UaU ^oii jJS jill Ji.A.njll ^ jjii 3 jaLJI OC 
U jll ji Uil Uui Sjikll cj^i ji jS^j .(^iljjil ^ jjjll ^ 

mycosis A general term for a fungal infection. O 



myosin A type of protein filament that interacts with actin 
filaments to cause cell contraction. 

N 

NAD + Nicotinamide adenine dinucleotide; a coenzyme that can 
accept 'ele'ctrons diifrng the redox Teactions of cellular' ' " : ' 
metabolism. The plus sign indicates that the molecule is 
oxidized and ready to pick up hydrogens; the reduced, 
hydrogen (electron)-carrying form is NADH. 

(JjL Act ut jij jjj SAuliii j%ill J Ljjj J VI -\HJi^_>j NA.D + 

Jul j A_o2lc jkil Jl JiiVI J iAuSVl COUiUj <-tjji dl-i JJJ^V 1 

» jj (JSjj Sjj^jjAi^Jl Cjljj JallilV J AjjiSj-o <-(_5 jail jl t _ s Jl JJ^u 

.NADH ujj^?^ y->^l 4ljii_Jl jj?. jjai^II 
NADP + Nicotinamide adenine dinucleotide phosphate, an 
electron acceptor that, as NADPH, temporarily stores 
energized electrons produced during the light reactions. 

Jjliuui lALalilijS Jjjll jllip^l AiilAlK Jll (j-jlii Cjliul jj NADP + 

Ajaj* <*i ■Oj'i i noli cIiUjjjSIVI uj^i 'NADPH (J^« 'Ojj^V 

Ajj j'^ll Cl^&UjII «.Ljjl t^ljjl ^Ij 

negative feedback A primary mechanism of homeostasis, 
whereby a change in a physiological variable triggers a 
response that counteracts the initial change. Negative feedback 
is a common control mechanism in which a chemical 
reaction, metabolic pathway, or hormone-secreting gland is 
inhibited by the products of the reaction, pathway, or gland. 
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As the concentration of the products builds up, the product 
molecules themselves inhibit the process that produced them. 

(j^VI Jj^Jlj 4jjb*j£]l COUUIil bjj Jajii 4*iU Xvl ijil J J^. 

.Soill jl JiuJl ji < Jaiill c^Ulu jjjL ^ uy>j&& o^iilj 

,jjSl 4jL*J| bjlj iljbuiJl Cjbj ja. luii (CjUjLjl j£ jj j| j USj 

negative pressure breathing A breathing system in which air 
is pulled into the lungs. 

nerve A cable-like bundle of neurons tightly wrapped in 

connective tissue. 

^UJI SjL is jiL, jASJl 4jJu <_J ,.^,^1 4t j*a_« uiuaJI 

nervous system The organ system that forms a 

communication and coordination network between all parts of 

an animals body. 

nervous tissue Tissue made up of neurons and supportive 
cells. 

.-UclJ b^Uj i_jb-oci ^ £• ji^« <£±"JI 

neural tube (nyur'-ul) An embryonic cylinder that develops 
from the ectoderm after gastrulation and gives rise to the 
brain and spinal cord. 

SiiaJI .Jjfr Jxj ^jOVI t> JjL2 4j±iia. 4il jkj ( _ r J«adl LJJiftl 

,y£_JAi!l JiaJlj j-UJ Jcluj Uo 

neuron (nyur'-on) A nerve cell; the fundamental structural and 
functional unit of the nervous system, specialized for carrying 
signals from one location in the body to another. 

jb_ail 4jklijilj AjJ^VI Jja. J\ i4i,,^ r . 5Ji ^,^.11 

neurotransmitter A chemical messenger that carries 
information from a transmitting neuron to a receiving cell, 
either another neuron or an effector cell. 

Jt\ jjabll djt~**ti i> ^UjkJl J^j JLl^A Jul (jfiuadl JiLSlI 
j> jjJj^i 4jia. jl jil jj imr Ul « 2 ;«!•;. 4 ;U 
neutron A subatomic particle having no electrical charge, 
found in the nucleus of an atom. 

.Sjiil 

nitrogen fixation The conversion of atmospheric nitrogen 
(N 2 ) to nitrogen compounds (NH/, NO, - ) that plants can 
absorb and use. • • • .•"•-:•» ■ . 

.b^likUj , A , n'u \ CAjbjll hi i in yjll (NH 4 + N0 3 ~) 

node The point of attachment of a leaf on a stem. 

,^-iaJlj 43 jjll JU^jVI S-iai jJAxll 

nonpolar covalent bond A covalent bond in which electrons 
are shared equally between two atoms of similar electronegativity. 
Sjj^j cJjjj£]yi 4i d jlii JojIj (jJbaJI jj& y^bLuull luljll 

nuclear envelope A double membrane that encloses the 
nucleus, perforated with pores that regulate traffic with the 
cytoplasm. 

4£jaJl jJi2 hjjj f.U^j i_jjaL L-ilij jjj^, ^Luc. Slj^l 

nucleic acid (nu-kla'-ik) A polymer consisting of many 
nucleotide monomers; serves as a blueprint for proteins and, 
through the actions of proteins, for all cellular structures and 
activities. The two types of nucleic acids are DNA and RNA 

iAlJ-jjKjill ,> SjjJc. Olj*^ ^ JjSl jj ^jjjJ| (j^uuJI 
CjbbJl < y«aJ iCjUjjjjJI Cj^clil J^U. ^j CjUjjjjjll Jji JikLxS 
bjllj UlJI U* 4jjj4| ^iUa.Vl (> o^>iil ^ 4jjkJl SiJuVlj 



nucleoid (nu'-kle-oyd) A dense region of DNA in a 
prokaryotic cell. 

_jjli 4jil2j 4jkJi bjll 4ijS Siku (jjljjj 
nucleolus (nu-kle'-6-lus) A structure within the nucleus where 
ribosomal RNA is made and assembled with proteins 
imported from the cytoplasm to make ribosomal subunits. 

'WjLij ^bj j]| b Jt\ J«c 4j3 Jjja. SI jj]| Ji.b c bj 4jjJ| 

nucleotide (nu'-kle-6-tid) A building block of nucleic acids, 
consisting of a five-carbon sugar covalently bonded to a 
nitrogenous base and one or more phosphate groups. 

nucleus (plural, nuclei) (1) An atom's central core, containing 
protons and neutrons. (2) Tire genetic control center of a 
eukaryotic cell. 

.MjiaJl 4iaJl ^ ^1 jj]l ^| -Sy. (2) .CjUjjjj^j 



obesity The excessive accumulation of fat in the body. 

.^?Jl jji 4L ji« Sjj-oj j_jAjll j^SIjj iiAuJI 

ocean acidification Decreasing pH of ocean waters due to 
absorption of excess atmospheric CO, from the burning of 
fossil fuels. 

omnivore An animal that eats animals as well as plants or algae. 

.VilUill } vjbbillj Cjbl jjaJl JSb jljja. CiJM 

oogenesis (o'-uh-jen'-uh-sis) The development of mature egg cells. 

,4 -s , >i bil jn i ill bili. jjlzi AjiajJI fo jfi" 

open circulatory system A circulatory system in which' blood 
is pumped through open-ended vessels and bathes the tissues 
and organs directly. In an animal with an open circulatory 
system, blood and interstitial fluid are one and the same. 

ObbJ Ci\ j 4^ j! JiU > fil j^a 4ja fu £ jOiaJI (jj\jjJi\ j>Ualll 
^ j Jlj^l ^ .5 >iU eLicVI j V^Vl J^ij 4a. jjL. 

opposable thumb An arrangement of the fingers such that the 
thumb can touch the ventral surface of the .fingertips of all 
four fingers. 

■ ' ' ' ' '.^jVi jjL^vi ^ >V (jikjl . 
oral- cavity- Hie fnoutrrbf an animal'. ' - '"• •'• ' ; ■ : '' "' ' ""' 

. jljjaJl (js>4i]| LAijajJI 

order In Linnaean classification, the taxonomic category above 
family. 

.0 juVI (JjjS 4 i^fi . n'il l AjiSl jiaJl ■ i<\. (_uj Jjl\ 

organ A specialized structure composed of several different 
types of tissues that together perform specific funstions. 

fjSj ylll Aao^l 4i3ja^ SAj^ ^1 jji ^ a -.^. t bj j^aJI 

.J ^i' ill 1 'r i r i 'iJAa^o L_sjUijj 

organ system A group of organs that work together in 
performing vital body functions. 

*lja.V \J*u ^ J^i ^!| t UatVl c> 4ji yo^ ^yhxl\ ^Ualll 

organelle (or-guh-nel') A membrane-enclosed structure with a 
specialized function within a cell. 

.AiaJl J 4-^U. UuLtj 4l 4jJicVLj 1 <U« flu iuixJI 

organic compound A chemical compound containing the 
element carbon and usually the element hydrogen. 

j^c. bib- j ^jjjjall j^ajc jc. j jjaj ^UjS ijS yil\ 
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organism An individual living thing, such as a bacterium, 
fungus, protist, plant, or animal. 

cjUillj ChjJ cjljjLillj LjiSJl Jla LpjS J*i>-1 cH^' 

orgasm A series of rhythmic, involuntary contractions of the 
reproductive structures. 

JSUjJl J 4-pljiUl iiclLVI cjUbUajVI 4><\>a iuajaJl a jjiuil 

osmosis (oz-mo'-sis) The diffusion of water across a selectively 
permeable membrane. 



.^liijt Aii« (XAi. yf. cLJl jUiijl 



ovary (1) In animals, the female gonad, which produces egg 
cells and reproductive hormones. (2) In flowering plants, the 
basal portion of a carpel in which the egg-containing ovules 
develop. 

t-biJI ij> (_jjclsll SjAj^ll ciAjbjll J (2) .AjLLjII cjU_^j^!l j 

oviduct (o'-vuh-dukt) The tube that conveys egg cells away 
from an ovary; also called a fallopian tube. In humans, the 
oviduct is the normal site of fertilization, 
^-iuii I . :■» ;! j (j 'n n *\\ (jc Iauj 4 )i 'nn\\ LOlxll (Jiij ^^jll SUiil (jijjit 3tj3 

ovulation (ah'-vyu-la'-shun) The release of an egg cell from an 
ovarian follicle. 

oxidation The loss of electrons from a substance involved in a 
redox reaction; always accompanies reduction. 

oxidative phosphorylation (fos'-for-uh-la'-shun) The 
production of ATP using energy derived from the redox 
reactions of an electron transport chain; the third major 
stage of cellular respiration. 

SAuSVI COlcUb qx 4Viull 43UJI ^.Vy'imb ATP (T^Ii) AjA^i 

l _£_jli2l jjullill 

ozone layer The layer of ozone (0 3 ) in the upper atmosphere 
that protects life on Earth from the harmful ultraviolet rays in 
sunlight. 

^\ ^jLJl ^ jaJl v_i5Ull J (03) jjjjVI ^ OjIjSTI 

■ £ j-Ja ,^5 AjLuall 4 W ml nil "jj*^ 4jaj*5f 1 'tj* (J^J*^ 



P generation The parent individuals from which offspring are 
derived in studies of inheritance; P stands for parental. 

ji& p SAjIjjII CjUaljj J AliLjl 4i« ^jll (_j jjVI Jjill P Jia. 

.cs^ViJ! 

pancreas (pan'-kre-us) A gland with dual functions: Hie 
digestive portion secretes digestive enzymes and an alkaline 
solution into the small intestine via a duct. The endocrine 
portion secretes the hormones insulin and glucagon into the 
blood. 

jjljuiiVI jj^J* jj% ^AAiJl C- j=Jl .oUa _>JC SIAill c.UuoVI J 

parenchyma cell (puh-ren'-kim-uh) In plants, a relatively 
unspecialized cell with a thin primary wall and no secondary 
wall; functions in photosynthesis, food storage, and aerobic 
respiration and may differentiate into other cell types. 



parsimony (par'-suh-mo'-ne) In scientific studies, the search 
for the least complex explanation for an observed 
phenomenon. 

SjALtl IaiSxj £ (Jsl '"''■ill iA;iJ«Jl jjLuiljjJl ^ jjjiill 

partial pressure The pressure exerted by a particular gas 
in a mixture of gases; a measure of the relative amount of 
a gas. 

ijA KlK ^jj jUdl (j^ ilH 3 " ' . ^'^.! iJ^' iai-Jall (jjjaJI h« 1 fill 

. jUil gill Aj^SI! ^Ua S^>.j SCjIjUJl 
passive transport The diffusion of a substance across a 
biological membrane, with no expenditure of energy. 

pathogen An agent, such as a virus, bacteria, or fungus, that 
causes disease. 

pattern formation During embryonic development, the 
emergence of a body form with specialized organs and tissues 
in the right places. 

.4^ 1 /ill jSUVI (ji 

penis The copulatory structure of male mammals. 

peptide bond The covalent bond between two amino 
acid units in a polypeptide, formed by a dehydration 
reaction. 

i JiijJl Ape ijJJAs. J jAJ 1 _ r ^( . n'ill Jbjl jll (^JjJjJI lul jJI 

peristalsis (per'-uh-stal'-sis) Rhythmic waves of contraction of 
smooth muscles. Peristalsis propels food through a digestive 
tract and also enables many animals, such as earthworms, to 
crawl. qj 
cJ-axj _ »Li,nl«Jl cj^ 1 hill ^iiUijl ij* ^~f^), l — i^ 1 - y ^ 

(Jlo iCjUljJ^Jl j^i AjAvJl jjjLu tdliS j ^.ngll iJixlJI JiU fUJall J_>L 

.l-bLjll ;> ^_ya jVI 'iJjJ Q 

peroxisome An organelle containing enzymes that transfer —I 
hydrogen atoms from various substrates to oxygen, producing CS 
and then degrading hydrogen peroxide. 

qa l jjak Cjl jj (Jljj jjjSl CjLajJ>j^/l (j* UJ^" 'W^ 3 ^! 

.jj^jjAigJI AluSI '(JjS (JIaj 

petal A modified leaf of a flowering plant. Petals are the 
. often colorful parts of a flower that advertise it to 
. . pollinators.., 

'Si jUl t.lji.Vl Ulic. Cj5UJ| S j* jJl CjUUill t> ikuw aSjj ^JjjII 

cjLxiLill 1 j jr.. ^jLu ^1 j SjA jll (j« 
pH scale A measure of the relative acidity of a solution, 
ranging in value from (most acidic) to 14 (most basic). The 
letters pH stand for potential hydrogen and refer to the 
concentration of hydrogen ions (H + ). 

jJjjj .(4jitli JjSVl) 14 ^1 (4-^a JJ^Vl) llW ^ jljJJJ 

cjljjjl jjSjj j <J^Ii^ll (jjijjAi^Jl J) pH '-ijj^l 

■Oi + ) U^JJ^ 1 

phage (faj) See bacteriophage. 

,4jjU]I giJI 

pharynx (far'-inks) The organ in a digestive tract that receives 
food from the oral cavity; in terrestrial vertebrates, the throat 
region where the air and food passages cross. 

4(_$_j*iil L-iljlJill (j* j>UJall cjjiluu i_?illj 4-U^a^Jl SUSlI ^ji ^_}*L1I 
f.\ j ^>UJall S\n JjLJl 4ikio i4_iJajVI CjLjjUall J 

phenotype (fe'-no-tlp) The expressed traits of an organism. 



.^1 jjKl! S jAllill , 
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phloem (flo'-um) The portion of a plants vascular tissue 
system that transports sugars and other organic nutrients from 
leaves or storage tissues to other parts of the plant. 
Ujjcj vjbjSjJl Jib jiilj •JjLilJ A-iilc jll a^ ,„? yi J lVi e fL*U| 

CjbiSl tl Jl jjj^jll 4-?-^ ji jljjVl AjiljuJl Jl _Ul 

phosphate group (fos'-fat) A chemical group consisting of a 
phosphorus atom bonded to four oxygen atoms. 

4_kiS ja Ajjjiujj a jj Jj^ JjjSS AjjlLajS Ac j«a i CjLLui AC^Ai^s 

phospholipid (fos'-fo-lip'-id) A lipid made up of glycerol 
joined to two fatty acids and a phosphate group, giving the 
molecule two nonpolar hydrophobic tails and a polar 
hydrophilic head. Phospholipids form bilayers that function 
as biological membranes. 

ftU] jj* jlS t jjjj^ jjc jjjj *l£ J?^' U« tCAiu jj Ac 1 j 

(_U*J AjjUj CjliiL Ajj jka jill A i'iiII Cjli jail (JSJu ftU] o jtS Jj 

Aj jji. d 1 L 111-1^ 

photon (fo'-ton) A fixed quantity of light energy. The shorter 
the wavelength of light, the greater the energy of a photon. 

US iy^\ ft jjJall Ajv y, (Jji> jtS US AaLkil qa Ailii Aj>iS (j_jj_$i]| 

. jjj jill Aili Cjjl j 

photosynthesis (fo'-to-sin'-thuh-sis) The process by which 
plants, autotrophic protists, and some bacteria use light energy 
to make sugars and other organic food molecules from carbon 
dioxide and water. 

jJjSji Ajj jjjall aUJI bjiiSJl £l jji (jiixjj Ajiijll Ajj'lj L^liJl 
Aj j i ri-t Jl ^Lxlall ClAjjja. La jjc j jSjjil! 

^Ulj 

photosystem A light-capturing unit of a chloroplast's thylakoid 
membrane, consisting of a reaction-center complex 
surrounded by numerous light-harvesting complexes. 

frUicj JjjjjjlSlI AxiL^i «.Lic ^ ft j.>iN aLsV gji^cal) ^UajJI 
oA^aLi. CiUSjaj IaU-« JcUjII ^ jS i_£ j jSli ^il idj|jjjSiLu!l 

i.l:,ic ft j . 

phylum (fi'-lum) (plural, phyla) In Linnaean classification, the 
taxonomic category above class. 

Aiill (jjS A rtjl . ^i'l l Aisll t^jjaJl I \f\,n\\\ ^ (ujJLui £*aJl) AjJLuJt 

physiology (fi'-ze-ol'-uh-ji)' the study of the functions of an 

organism's structures 

... , . . • . . .AjiJl CjUjISI) ftUj i_tjUaj AjjI jj Lia. _$J jjJjAII 
pineal.gland (.pLn'-e-ul) An outgrowth of the vertebrate brain . 

that secretes the hormone melatonin, which coordinates daily 

and seasonal body activities such as the sleep/wake circadian 

rhythm with environmental light conditions. 

^jUjjll ^jajllj JililluVI/^jjil <JU Ajau _Ulj Aia jjll . . i.-. \ \ Aiuiji . U'n 

.^jjjJI ft jjJall Lj Jjii ^« 

pinocytosis (pe'-no-sl-to'-sis) Cellular "drinking"; a type of 
endocytosis in which the cell takes fluid and dissolved solutes 
into small membranous vesicles. 

ikL Aukli Aj2 ^LajlVI (> ^jj ScfjLi. ; v jJ;" frLuua.VI 

AjjUic CjX-aj_p. aKUI Ajjlill j| _Ul j CjbjjJUl 

pistil Part of the reproductive organ of an angiosperm, a single 
carpel or a group of fused carpels. 

;> Acj^, jl j3 fttii. 4gr ^J| (jjlSll ^sjb^VI >^axJl t> * ja. 4ii4J! 

Aa^jLJI CjlftLriJl 

pith Part of the ground tissue system of a dicot plant. Pith fills 
the center of a stem and may store food. 

i_jla <_jUSI bU W\ Jl£ clM ^ jVl ^ax^l ^Lki cy t> ^W 3 

.^UJail jjij Ujj wll 



placenta (pluh-sen'-tuh) In most mammals, the organ that 
provides nutrients and oxygen to the embryo and helps 
dispose of its metabolic wastes; formed of the embryos 
chorion and the mother's endometrial blood vessels. 

vlkJr-^J^'j Ajjliill j| _UI jjjj j^oxjI iCLuiill {2vu> ^ AjuijjJI 
ftUAx ry, AjjSU! SAiJajVI CjiUiiill j^i j^U'll ^c. JcUjUj 

.^VLi A_^sLLll ^jll AlkJ Ajjxjll Ajt jVlj J.yy \\ 

plasma cell An antibody-secreting B cell. 

plasma membrane The membrane at the boundary of every 
cell that acts as a selective barrier to the passage of ions and 
molecules into and out of the cell; consists of a phospholipid 
bilayer with embedded proteins. 

ji.US (_sill j Ajk JS j jja. (jlc JjijxJl ftUiiJl UJ'jUI f Lie. 
^> J^ 1 jj^y i ^^3^' j ^jjjVl ^yla^i 

plasmodesma (plaz'-mo-dez'-muh) (plural, plasmodesmata) 

An open channel in a plant cell wall through which strands of 
cytoplasm connect from adjacent cells. 

CjUill Ajla. jlAi. ^ Aa. yLa SU5 (aJ jjA ljLLljI j £-^1) <J JjA 

.S jjbUl U^LiJl ^_pbju.,ill OliUa Jj-ojj UllU. ^> ^illj 

Plasmodium A single mass of cytoplasm containing many 
nuclei. 

polar covalent bond A covalent bond between atoms that 
differ in electronegativity. The shared electrons are pulled 
closer to the more electronegative atom, making it slightly 
negative and the other atom slightly positive. 

Ajjj^SJI cjlj cjljill ^ i_ijS]L aSjIUI CjUjjjSIVI ^ .ajiLJI 
c5 j^VI Sjjll jjSj Uiu ajjLi Ux^j Uo i^jicVI Ajjlmll 
polar molecule A molecule containing polar covalent bonds 
and having an unequal distribution of charges. 

.Cjl W .'.'ill jLul« jjc ^jjjj 

polymer (pol'-uh-mer) A large molecule consisting of many 
identical or similar monomers linked together by covalent 
bonds. 

Aj^Luii -kjljj (JJjii (jc Liuu Ijj .nij A K j'ij^ A^jUiUl ji 

polynucleotide (pol'-e-nu'-kle-o-tid) A polymer made up of 
many nucleotide monomers covalently bonded together. 

polypeptide A polymer (chain) of amino acids Iftiked by 
peptide bonds. 

polysaccharide (pol'-e-sak'-uh-rid) A carbohydrate polymer of 
many monosaccharides (sugars) linked by dehydration 
reactions. 

(JLuil) AjjlSUt CjULa.1 (ja AjiJ] CjIjAiA jjjS jA jj iiixlalS JjjliuJI 

positive feedback A type of control in which a change triggers 
mechanisms that amplify that change. 

i> ts^ 1 CjUVI jjiull Ajj ^Jj ^Sajll i> ^ jj griW^I ^l^JjVI 

.jjjjjll liA 

posterior Pertaining to the rear, or tail, of a bilaterally 
symmetric animal. 

.Ujlii (JjULo (jljja. Jji jl ijkjAi hj'ij^i <_ji& 
potential energy The energy that matter possesses because of 
its location or arrangement. Water behind a dam possesses 
potential energy, and so do chemical bonds. 

aJUI .I^JJJJJ jl lijtij^ i.ijuij SiUl Ijjj jjxljj ^1 aSUJI AjjjJ_»J AiUaJI 
A;uLl»jS]| Jajljjll dlliSj AjAja. AiLkj 
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prepuce (pre'-pyus) A fold of skin covering the head of the 
clitoris or penis. 

^ jSill jjoxjl ji jilll ^Ij J^ j1jJ| 

primary consumer In the trophic structure of an ecosystem, 
an organism that eats plants or algae. 

JbJail ji 

primary oocyte (o'-uh-sit) A diploid cell, in prophase I of meiosis, 
that can be hormonally triggered to develop into an egg. 

^1 H-iL^UVI t> I JjVI JjiJl J i'AMA^ ilk <J jVI 4j*iujl iflill 

.4 . >n il l JJjlxil Ljj^jfc ijLU jl ijS^u 

primary spermatocyte (sper-mat'-eh-slt') A diploid cell in 
the testis that undergoes meiosis I. 

J vjU^jajVI <j!«J (■ 4j,n-Ul 4_ii_i^2 4jk 4jjVl AjftkUl 4jlkJI 

primary structure The first level of protein structure; the 
specific sequence of amino acids making up a polypeptide 
chain. 

^Ua.btf .lAa-Jl JuiLull i jii jjJl t-Lij ^> J jVl J jIulJI (jjj^l *UJ| 

JjJjJl AjJc ^luiln, ^ Asi j'l. -./il l im. y 

producer An organism that makes organic food molecules 
from C0 2 , H 2 0, and other inorganic raw materials: a plant, 
alga, or autotrophic prokaryote. 

AiuiSI ^Jj t>i i^j>n ».l l j>UUl ClAilja. (_Lju ^jLj ^ (jjl£ guilll 

cjLuIaij > ilK Vil l j dAjjll i^jiVI ^jjintll jjt j| jJlj tfUllj jjjjSil 

.i^iiill 4jj|j SI jjll 
product An ending material in a chemical reaction 

.^ft u/il l Jcliill 4jjbjj SjU gjlall 

progestin (pro-jes'-tin) One of a family of steroid hormones, 
including progesterone, produced by the mammalian ovary. 
Progestins prepare the uterus for pregnancy. 

tdlj J Uu i-LiAjjjiuJl cAj_j*j£]| Sjjji ji.ij (jjiutjijjJI 

Cjl 'inu> jjjl .(^-^1 i>=yf»Jl C5i>k ^^"j (4l lS^' < UJJJ'"'> JJ^' 

.(J-lill j»i_)ll jbc-j Jc (J-UU 

prokaryotic cell (pro-kar'-e-ot'-ik) A type of cell lacking a 
membrane-enclosed nucleus and other membrane-enclosed 
organelles; found only in the domains Bacteria and Archaea. 

CiUiIaJIj LjjjSjII lillLw J Jala Sj jj| u i,'--. y , 4iii_<Jl cjLuiuJl 
prometaphase The second stage of mitosis, during which the 
nuclear envelope fragments and the spindle microtubules 
attach to the kinetochores of the sister chromatids. 

^iii (jaai ^ 3_uiiit ikj^f ^ jiiji ^Lu^vi ^ jtui j^Lii ijuUa 

promoter A specific' nucleotide sequence in DNA located near 
the start of- a gene that is the binding, site for RNA* polymerase' 
and the place where transcription begins. 

^ j]| j jjaJl 4j|ai ^ i_i jiL Lilil JAa-a Aii jJS jj J. nl. ill j! jjlJI 

.j-Ui^l 4j Ijllj ^ill (jUJI j Uil j| jiajjj Jaj| Ji ^i^Ji ±a 
prophase The first stage of mitosis, during which the 

chromatin condenses to form structures (sister chromatids) 
visible with a light microscope and the mitotic spindle begins 
to form, but the nucleus is still intact. 
1 — sjSjj ^illj iJSiill J JjVI Ak jA\ (i^LLJI Ja JjVl jjtJI 

jj^lb iuj* (AiiLii!l cjIjjjU jjSII) cjI^Uj (jjjSU QiiUjjSlI I^J^Ii, 
,5JU Lji Slj^ll JI Ji V (jSlj ((jjSjll ^ JjiJl vshVI i^Jjj (Aj^JI 
prostate gland (pros'-tat) A gland in human males that 
secretes a thin fluid that nourishes the sperm, 
ilia j SXji jjii yjll j jM\ u^l j_^il| UU« jjjil 3jc 

protein A functional biological molecule consisting of one or 
more polypeptides folded into a specific three-dimensional 
structure. 

AiuJI AUc (> jjSI jl Aa.lj (> (jjSli ^jtj ^jji. ja. jjJl 



proton A subatomic particle with a single positive electrical 
charge, found in the nucleus of an atom. 
is^ •-ty^y* '<&-3ji« 4 ^ ajiil Ojj^ ^ t i)'^ 

Sjill i\y 

pulmonary artery A large blood vessel that conveys blood 
from the heart to a lung. 

.^ijil Jl t_£ll (y, ? A\ Jail ji£ f Icj ^ _^jll (jbj^l 

pulmonary circuit The branch of the circulatory system that 
supplies the lungs. See also systemic circuit. 

.^ijll Aij y Jc J**j ^illj ^ jl^JI > ^ j3 AjjSjII BjjiJI 

.4 lol hill tjj^ll Uiul 

pulmonary vein A blood vessel that conveys blood from a 
lung to the heart. 

.i_ifiil J\ 4jjil (j^, joJ| (Jlij <jjx,J 4jc ji ij^jjll JJjjVI 

Punnett square A diagram used in the study of inheritance to 
show the results of random fertilization. 

i ij . ^ "il l ^jUj (jiajxl 4j| jjll J ^AiJLuu UU*. « CujU qUjJ 

.^jjljjiudl 



quaternary consumer (kwot'-er-ner-e) An organism that eats 
tertiary consumers. 

.^liill lilku^l Jc (jSjxJ JjI jJI i%iuuJI 

quaternary structure The fourth level of protein structure; 
the shape resulting from the association of two or more 
polypeptide subunits. 

iuj |jc gjjj ^ill (Jiill S(jjjjjJ| (lb ^ ^-iljll (_f jluuJl £j| jJI fUJI 
AjjjJl Ai^J 4jc jill dilii. jll j!Si ji Ail j 



radioactive isotope An isotope whose nucleus decays ^ 
spontaneously, giving off particles and energy. 

j2jj (4_l^a1j ojjj_<ai *U 4_j-aLiJI filjjll (Jkjj j'^'i ^ul&II j tt^'tj ^ 

.43li>j CiU.i,.,na. Cft 

radiolarian A protist that moves and feeds by means of 
threadlike pseudopodia and has a mineralized support 
structure composed of silica. 

tUj Ajj Ja jjiJl -Uiij ^|jai ijjjii (jt i^i»JJj ^Ij^i u^i ji 

Kjljinll ^ eilj-o (jAi-a 

radula (rad'-yu-luh) A toothed, rasping organ used to scrape 
up or shred food; found in many'molluscs. • 

J J jij-a i^U-kll ^jhllj JaiiS] - (jLkjil jj j . '.^r: 4-nIoaH 

reabsorption- In the vertebrate kidhe'y, trfe-redaifnmg-of water' 
and valuable solutes from the filtrate. 

4_^jS3I Cili JJU_Jlj *U3l SjUIuI iLjUjliill <JS J (j-aUaiaVI oJlcl 

.iiUijll 

reactant A starting material in a chemical reaction. 

.(^jLuLiSlI (Jctiill J 4jjU SjU JfrLfliaJi 
recessive allele An allele that has no noticeable effect on the 

phenotype of a gene when the individual is heterozygous for 

that gene. 

jj5Li UAic ijjil! i_s j*mi ixajil Ji jii. jjIj <d Ajl JJi ^jla JJI 

.(jjiJl Ij* i Ajill 

Recommended Dietary Allowance (RDA) A 

recommendation for daily nutrient intake established by 
a national scientific panel. 

,ji!l ku jJl SuiliiJl j| jJb Aj^a jj (RDA) <i y& uJt j>l£u!l 

AjIjJ 4j.ilr- -iijl Lib jii 

rectum The terminal portion of the large intestine where the 
feces are stored until they are eliminated. 
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redox reaction Short for reduction-oxidation reaction; a 
chemical reaction in which electrons are lost from one 
substance (oxidation) and added to another (reduction). 

SjLo Jl l^SLjal j (oAuiSVI) »AiJ J 'i-Lo -AlbjjjSlVI A33 <U3 jii JUajS 

reduction The gain of electrons by a substance involved in a 
redox reaction; always accompanies oxidation. 

J cM Jil SJ-Jl ^jU jJiSlyi Je J j.n^ll JljSiVI 

.Ja^iSVI >.'*>! 'fi* U bub ioiuiSVI cl£UvUj 
regeneration The regrowth of body parts from pieces of an 
organism. 

releasing hormone A kind of hormone secreted by the 

hypothalamus that promotes the release of hormones from the 
anterior pituitary. 

y-ill j *Ua j]l Jjj Jc jjij Jil CjU^o j* g-jj 4t1hnti CjUjj) ^$JI 
.^UsbiVI <xolij!l CAj_^«j$]| (jplU Jc Aobju 

reproduction The creation of new individuals from existing 
ones. 

.ijja. j^i j| jai ja*. jljii «.biil i-AauVI 
reproductive system The organ system responsible for 
reproduction. 

jc j ^ f Uiiii «-jU#i ^ 

reptile Meniber of the clade of amniotes that includes snakes, 
lizards, turtles, crocodilians, and birds, along with a number of 
extinct groups, such as dinosaurs. 

Je <Jxa-jj ^1 AjjLJ! .libljj^jl £ jjVI Aiilo qa j ■ l_4Alj]| 

.Cjl jj^aUjjJlS Sjjbll 

respiratory system The organ system that functions in 
exchanging gases with the environment. It supplies the blood 
S with O, and disposes of CO,. 

C juj .Aiull Cil jUJl JjUj J J«j ^jJl ^^Jaxll jiUaill uianl| jL^aJI 

) . j_#_£l' Jt-" Cy> uj> "i^Vb ,»a!I 

> ribonucleic acid (RNA) (ri-bo-nu-kla'-ik) A type of nucleic 
J acid consisting of nucleotide monomers with a ribose sugar 
' and the nitrogenous bases adenine (A), cytosine (C), guanine 
(G), and uracil (U); usually single-stranded; functions in 
protein synthesis, gene regulation, and as the genome of 
some viruses. 

i> oj^i jit lS jjjlt [y, (Ujl!) yjjjll ijjjjXi <>xaaJI • 

(A) j%jll iJclslI bW^'j j>yjlt j^ 1 £-« -ip _jJSjJl 
J cK; 'J '(10 ^' JJH 11 J (G) upl>llj (C) -oijyiHj 

"■ ' ' it-^J J^lt wjbi^Jl -jijJinj^cQ^j^Jl^yiuaj'. • 

ribosome (ri'-buh-som) A cell structure consisting of RNA and 
protein organized into two subunits and functioning as the 
site of protein synthesis in the cytoplasm. In eukaryotic cells, 
the ribosomal subunits are constructed in the nucleolus. 

(4i «M L£LsJl (^a .^_pbjiuj| jjjjjJl (JAojI cU^ij 

ribozyme (ri'-bo-zim) An RNA molecule that functions as an 
enzyme. 

RNA polymerase (puh-lim'-uh-ras) A large molecular complex 
that links together the growing chain of RNA nucleotides 
during transcription, using a DNA strand as a template. 

.i—iSlSS Uil jliiL fhvi.nli «^LuqSjVI Lj jit 
root hair An outgrowth of an epidermal cell on a root, which 
increases the root's absorptive surface area. 

U . nil A <i K'i 1 Aj jj ^ jil j 4 jj>lt ^ Ajjyju bilij Cjblil jiiJI jsui 



root system All of a plant's roots, which anchor it in the soil, 
absorb and transport minerals and water, and store food. 
Jiuj <<J>!l ^ A>l jli ^1 iJjULull jiaJI 

rough endoplasmic reticulum (reh -tik'-yuh-lum) That 
portion of the endoplasmic reticulum with ribosomes attached 
that make membrane proteins and secretory proteins. 

4AUJI 4j jj^Jl Aiiill ry> e.y±}\ |iA AiiaJI 4lSaUJI iJjjfll AiuiJi 

.Ajjl jaVI 

ruminant (ru'-min-ent) An animal, such as a cow or sheep, 
with multiple stomach compartments housing microorganisms 
that can digest cellulose. 

SjJala <LUi! Sjp^, 'i^ CllUjlS ^ ijjjiJl jl jli^l (Jlo 4jl JJ^. j'-^ - 



salt A compound resulting from the formation of ionic bonds; 
also called an ionic compound. 

saturated fatty acid A fatty acid in which all carbons in the 
hydrocarbon tail are connected by single bonds and the 
maximum number of hydrogen atoms are attached to the 
carbon skeleton. Saturated fats and fatty acids solidify at 
room temperature. 

4j3 (Jj^oli (jiAJ <buuuUI Aji&All (jiLl^VI 

CjI jj > .j^VI AsJl j 

.ASjiJl ojlj^ ^jj 5jiJ,Ail 

scavenger An animal that feeds on the carcasses of dead 
animals. 

sclereid (sklar'-e-id) In plants, a very hard sclerenchyma cell 
found in nutshells and seed coats. 

Ailclj (jilJl jJS ^ oJ ja. ^cIaII giuijil b^Li iCobbiil ^ JjjUuJI 

.ojAjII 

sclerenchyma cell (skluh-ren'-ke-muh) In plants, a supportive 
cell with rigid secondary walls hardened with lignin. 

AjLa Aj^b jl jJa. bjj 5-«c.b AjK tCjbbjll jtfiljJI ^JAiult b5U 

•scrotum A pouch of skin outside the abdomen that houses a 
testis and functions in cooling sperm, keeping them viable. 
( _ ? it (J^ajj <twiiJl ts^lt j o^lt Cy L^ualt 

y' : - -. '. ' ' aI-^'U- s i .iii jlj^tl- V.jn. 

second law of thermodynamics The principle stating that 
every energy conversion reduces the order of the universe, 
increasing its entropy. Ordered forms of energy are at least 
partly converted to heat. 

JjaJ JS jb Aiii ^ill Liull jaJI AjImUj^I Qa (jJIUI Qj&ati 
(> 4jj ja Jllui .4i.^bcl Ajjj tjjSlI ^ (j-^ <jbjj (jll Ja«J ^UaJl 

secondary consumer An organism that eats primary consumers. 

■LS^ jl' ' 'tt^i ... Jl Jo (^Aill ^ (jjlS tS^jtjJI l^lj'li.mll 

secondary oocyte (o'-uh-slt') A haploid cell resulting from 
meiosis I in oogenesis, which will become an egg after 
meiosis II. 

JJ i_iU^iijVI A»j A ■ '— ;; ~y -"<■» Ji!l j 

secondary spermatocyte (sper-mat'-uh-slt') A haploid cell 
that results from meiosis I in spermatogenesis and becomes a 
sperm cell after meiosis II. 

.II ^ fll . nliVI AvJ j\a (jtji^ -^''J 
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secondary Structure The second level of protein structure; 
the regular local patterns of coils or folds of a polypeptide 
chain. 



..Ifinll SAlxIa Mi nli, .J CsLiLJl 



jbUl 



secretion Hie discharge of molecules synthesized by a cell. 

.l^LLuj LpliJl fj£ Jll Cjbj jaJl <> j^Klll jl jSVI 

seed A plant embryo packaged with a food supply within a 
protective covering. 

.Jl j (.Lkc Jib fL-kll jl:ub L*J| Ciiill jjia. SjiJI 

selective permeability (per'-me-uh-bil'-uh-te) A property of 
biological membranes that allows some substances to cross 
more easily than others and blocks the passage of other 
substances altogether. 

i_5 jil 3\y> jjja j_y<Jj jlj*ll ^ Ujjt j!&| 4j_j^ou jjjxIL Jl j^ll 

self-fertilize A form of reproduction that involves fusion 
of sperm and egg produced by the same individual 
organism. 

•Uiujj ^y* jljJi ^Lfcljl Jc Jxiij LjbuVI ^> JiliJI ijj'n-v'N 

.(_s-=Jl (jjl£Jl jjaij I^Viil 

semen (se'-mun) The sperm-containing fluid that is ejaculated 
by the male during orgasm. 

Jic. j£&\ AiiL ^jJlj AjjlJl CjUI jjsJI Jtc jy\j ^jjl JU| Ja]| 

4_iuii^J| o^uliS! Jl J ya j]l 

semiconservative model Type of DNA replication in which 
the replicated double helix consists of one old strand, derived 
from the old molecule, and one newly made strand. 



4-s mVim 



^jjjJl aJjIII 4i j£Z (DNA) as^Vl 

.Alii. jUaj lj»J3 ji. (j* Aolubo 

seminiferous tubule (sem'-uh-nif-uh-rus) A coiled 

spermproducing tube in a testis. 

SjjiJl cjUljjiJl glla l_i <Ja1J 4_SLUt oUujJI 
sensory receptor A specialized cell or neuron that detects 

stimuli and sends information to the central nervous system. 

.LS jSjJl ^ji^wJl ^UijJl J| 

sepal (se'-pul) A modified leaf of a flowering plant. A whorl of 
sepals encloses and protects the flower bud before it opens. 

fC-ju h;Vi 4_iJ£]| qa ij . jA j*]| dibjll Ajjjj <LiuAi!| 

.juiCil. Ji 4 uVij 'iyt, j]| 

sexual reproduction The creation of genetically unique 
'• -offspring by the fusion of two liaploid'sex cells (gametes), 
forming a diploid zygote. 

shoot system All of a plant's stems, leaves, and reproductive 
structures. 

,Uj 4^bU| AjjUJVI frLJl i^UiS j OLjll (j| jjij ^x*s, afrljJI jjliaj 

sieve plate An end wall in a sieve-tube element that facilitates 
the flow of phloem sap. 

(jjjj JfruJ JiiJl i-JjjjVI j^ajc J JbJ jl^i. ^jU-.^j 4^aL^I 

sieve-tube element A food-conducting cell in a plant; also 
called a sieve-tube member. Chains of sieve-tube elements 
make up phloem tissue. 

jjSj (jliidl ^jij^l ^aUt ^ JjjXj .^Ki.Jl y^c 

.^Ulll 

signal In behavioral ecology, a stimulus transmitted by one 
animal to another animal. 



silencer A eukaryotic DNA sequence that functions to inhibit 
the start of gene transcription; may act analogously to an 
enhancer by binding a repressor. See also enhancer. 

(J^S S U£^I i nn i i l l tA; l _ 5 lo Jaxj ^yjl jj^. Lj Jirln'i j Ml 

. jl l_Jaj| jJijl ^jllll Jajj J5U. J* jl jjL.oS ^>jLS]L 

single circulation A circulatory system with a single pump 
and circuit, in which blood passes from the sites of gas exchange 
to the rest of the body before returning to the heart. 

(A\y* ty> fd\ yu (S^il j Jjjj j Sjwij flki -LjjiJI Jjj^l 

.sJill Jl ^ y^J\ Ji ^uJl 4jL, Jj ±\ jUj| JjLi 

sister chromatid (kro'-muh-tid) One of the two identical 
parts of a duplicated chromosome in a eukaryotic cell. Prior to 
mitosis, sister chromatids remain attached to each another at 
the centromere. 

fytyjj^ ^JLUidl flji^l i> jJJjl Ja.1 j (jLiUiil JL^llI liui 

<L^lL. Jtj yLilUl Ju^ill Hj i Jjjjll Ji .4ail jjiJl AjlaJl J j 

jSj^ll ■> li.illl J I , nr l I 



skeletal muscle A type of striated muscle attached to the 
skeleton; generally responsible for voluntary movements of 
the body. 

'iljyj^ jjSj S J%L iL^LAl S j jiJI C;Xi*Jl y> £y ^jK^M ALiuJI 

.^aJl AjjIjVI ^SjiJl (jc. j.U JSJu 

skeletal system The organ system that provides body support 
and protects body organs, such as the brain, heart, and lungs. 

JL, i^jaA] {.Liiti (j-ojj ^uaJl ^c-Jj ^ill ,j y^*\\ ^Lkill ^ K ^" ,»Usq]| 

-v jAU jil J LjHlj jt-«ll 

small intestine The longest section of the alimentary canal. It 
is the principal site of the enzymatic hydrolysis of food 
macromolecules and the absorption of nutrients. 

SXtail ^±>J\ £3 y\\ ,4_uliiJl SLill t> ,xxi J^i 4ij4il| fU-aVI 
.AuiliiJl j| ^b^iul j ^1 , U\\ ijjjjSlI Jjbj JpJ] AjAijjyi 

smooth endoplasmic reticulum That portion of the >- 
endoplasmic reticulum that lacks ribosomes. OC 



^ill ijLLlI *A jj^JI ^i,^| ^ t j=J| Ij* f LuJaII aULLJI AJjj^I iSxill 



CO 
O 



smooth muscle A type of muscle lacking striations; 

responsible for involuntary body activities. -J 

41^' CP- J J>" iJaikilll 4 , nin y> £ y f. LuiLJI IkojJI ® 

wljM ^1 

SNP See single nucleotide polymorphism (SNP). 

.(SNP) ^ jJSjll Ajj-jill JlS^Vl ^ SNP' 
solute (sol'-yut) A substance that is dissolved in a solution. 

. . /•-•;.» ■ • . J_jii-e J J^jj SjLa ul^ftil 

solution.. A liquid that, is a homogeneous mixture of two or ■ - . -. 
more substances. 

solvent The dissolving agent of a solution. Water is the most 
versatile solvent known. 

\cyj jjSVI i-a yy*-A\ vy^l jA c-bjl . J jk-Jl 4j|jj j.^ir- uui/JI 

species A group whose members possess similar anatomical 
characteristics and have the ability to interbreed and produce 
viable, fertile offspring. 

jTjljjll Jt Sjjiil Ljjj] j 4jaujjii CjU.^i U jU^ci lillloj 4s> yi^, £yl\ 

.^l.^. JLaJl 4LL5 4JiU ^-Lljlj 

sperm A male gamete. 

spermatogenesis (sper-mat'-o-jen'-uh-sis) TTie formation of 
sperm cells. 

jlJl jl jpJI bilk jjSj iJUajyi 

sphincter (sfink'-ter) A ringlike band of muscle fibers that 
regulates passage between some compartments of the 
alimentary canal. 

.4aj|jiil SLiili J Ciljj^Jl 
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spinal cord A jellylike bundle of nerve fibers that runs 
lengthwise inside the spine in vertebrates and integrates simple 
responses to certain stimuli. 

Jib ibji- Ja*j 4 ii.n v ll lJLJVI Cy ^a-ia -La j__ y$A\ Ja---!! 

spore (1) In plants and algae, a haploid cell that can develop 
into a multicellular individual without fusing with another 
cell. (2) In prokaryotes, protists, and fungi, any of a variety of 
thick-walled life cycle stages capable of surviving unfavorable 
environmental conditions. 

jjj jjkill £ikiu^ 4ajbj_ iik ii_JUlii!j CJCLf&\ ^ (1) 

SI jail Cabalaa ^ (2) -c s jii 4ak ^Uj.'ifl jja b^UJl aaxa>i 
jl ja=Jl db iUxil S jjj <L-.I_>« ^ iLiiii .^bja-Allj ujbjVjVlj 

^aa-iaui JJC. 4ai)J o^J' » j-^' Km, nil 

sporophyte (spor'-uh-fit) The multicellular diploid form in the 
life cycle of organisms undergoing alternation of generations; 
results from a union of gametes and meiotically produces 
haploid spores that grow into the gametophyte generation, 
yjll 4a_Jl ciAa.lS.ll SUi. J jjj \SXil\ uxl* ,J>-^ JJL-i jA\ CuUJI 

^ j^i. 4aabj3 £| _jjt glii j (jj jcVI abJI (jc jaj- S Jbs-Vl d-iii] -^'-a' 

.4_uajx!l 4ibll Jaa. 

stamen (sta'-men) A pollen-producing male reproductive part 
of a flower, consisting of a filament and an anther. 
" > 3 51 <j g^ 1 cS jSill l^VI «•>!! jUjVI (ji jSi».l 

jiuj iaai. jjSlj (Jallj 

starch A storage polysaccharide in plants; a polymer of 
glucose. 

jjSjkJl SCabball jjjajil AjjlUl jita* luii.1 

start codon (ko'-don) On mRNA, the specific three-nucleotide 
sequence (AUG) to which an initiator tRNA molecule binds, 
starting translation of genetic information, 
g^l j (AUG) J-^JI ^j^l <-U->- 'mRNA J* p^JI 3>Ij 
.Aiil caU jk_Jl 4*3. jj Iajj j^jllj <tRNA j*- <> -Mjj 
stem The part of a plants shoot system that supports the leaves 
and reproductive structures. 

.AjiaiVI <-jI*UjJI j jjVl j cJLjSl ^l^Jl ^Lkj «. j^. 

stem cell An unspecialized cell that can divide to produce an 
identical daughter cell and a more specialized daughter cell, 
which undergoes differentiation. 

AlLiia -aal _j kali. jT-a-V fluiiVI ».i w „ jjc. <L_1__ <U&__aJ| i .U I t 

. JyJ- ^ ^aaj ts 33l j .4 ,n.n-s u oaJj b^U. j 

steroid (ster'-oyd) A type of lipid whose carbon skeleton is in 
the form of four fused rings with various chemical groups 
• attached. Examples are cholesterol, testosterone, and estrogen 

L-Ua tJ lc. 4J-UI Zj& ufM Cilt j^i-ydl ^ jaaxJl ^ 4a_-._U Calak. 

steroid hormone A lipid made from cholesterol that acts as a 
regulatory chemical, entering a target cell and activating the 
transcription of specific genes. 

'cOUS (_Uxj JjjluiJjSlI ^ £• ji^o ^aui ^Jjjjjiuill (jjJj^JI 

stigma (stig'-muh) (plural, stigmata) The sticky tip of a 
flower's carpel, which traps pollen grains. 

^illj iS jAjll (.bi (> (j^alll ^ijUl (CjUu ^-^1) 

stimulus (plural, stimuli) (1) In the context of a nervous 
system, any factor that causes a nerve signal to be generated. 
(2) In behavioral biology, an environmental cue that triggers a 
specific response. 

Al^iA cjxjj Jiii ^-UJj i<jS jLoil bi jIjSjVI ^ (2) ,4i.i,nr. S jbil 

4 111 a 



stoma (sto'-muh) (plural, stomata) A pore surrounded by 
guard cells in the epidermis of a leaf. When stomata are open, 
CO, enters a leaf, and water and O, exit. A plant conserves 
water when its stomata are closed. 

^>^c- . JjVl « jbi ^ <mjU bilij ilx. ^Luw (Cil jii (^oJl) SjiiJI 
.Aaii_« CjU^all j ^Sj biAic c-Ull hq-. ; Cjbj 1.1*^1 j 

stomach An organ in a digestive tract that stores food and 
performs preliminary steps of digestion. 

4_ul.li c.1 ji.b j-jiij ^UUl Jjij ^i^ijjll Jjjx-11 j*-aC i-auJI 

stop codon In mRNA, one of three triplets (UAG, UAA, UGA) 
that signal gene translation to stop. 
(UGA 'UAA 'UAG) ^b_itf ___J unRNA ^ -jSjSlt »>ij 

.-j- jjII jiaJl ^1 4JL.J JaJJJ j^ill 

stroma (stro'-muh) The dense fluid within the chloroplast that 
surrounds the thylakoid membrane and is involved in the 
synthesis of organic molecules from carbon dioxide and water. 
Sugars are made in the stroma by the enzymes of the Calvin 
cycle. 

Ol-UjS!lull cbiiij Jcuij Jijj^jKJl 4xjL--i . «'X. J.L. ^AuJi 
.jjil-S a jjj CiLojjj jjjJ-l (jc (^Auill i all a 

substrate A surface in or on which an organism lives. 

substrate feeder An organism that lives in or on its food 
source, eating its way through the food. 

Ciii i4j A-A\ fUIJl ju-^ J*. ji ^ J^a ^ jH£ JjjSjll JSI 

sugar-phosphate backbone In a polynucleotide (DNA or 
RNA strand), the alternating chain of sugar and phosphate to 
which nitrogenous bases are attached. 

.(ball j bjll jlLL) ajjjaKill AiJc. ^ CiLiui ^jsJIj jLJI (jj. ^jij J JJC 
.jjaijjlull atljS ba Jaii jj ^1 CjLL. jill j j5L-all 4ajaall iLiLall 

superior vena cava (ve'-nuh ka'-vuh) A large vein that 
returns oxygen-poor blood to the heart from the upper body 
and head. See also inferior vena cava. 

Ltf?-"£jVb ^yjilt jai aaxj jajS jjjj ^^kll i_i _ji.Sll Jaj>!l 

t -^>?- v ^' -yjj^' jjajl .(jaijll j 11 (_>« c5 '3^' 1 '^'^ 

surface tension A measure of how difficult it is to, stretch or 
break the surface of a liquid. Water has a high surface tension 
because of the hydrogen bonding of surface molecules. 

' " t Ull 

surfactant A substance secreted by alveoli that decreases 
surface tension in the fluid that coats the alveoli. 

^ li i ni l JJjall (ja (Jlsu r-bjal (JJji- (jc jjlj sab- jdauilb J&li 

.j-liaVI --ilia (_5all Jjball 

symbiosis (sim'-be-6-sis) A physically close association 
between organisms of two or more species. 

. jjSI jl iji&jj b>" ^j^S (jaj bjb jjj (jii j a-ibajl (_yubull 

synapse (sin'-aps) A junction between two neurons, or between 
a neuron and an effector cell. Electrical or chemical signals are 
relayed from one cell to another at a synapse. 

Cal jbaj 4U Viiiia 4aL_.j Qj 1 . -r. j| ^jjj ji. Jajj lvi,Aill 

.i 4i i .m 1I ^3 (_Sj-il 4ali. 4ali>. 4j3Ll«jS jj 4ajjjjSlSj 

systemic circuit The branch of the circulatory system that 
supplies oxygen-rich blood to, and carries oxygen-poor blood 
away from, organs and tissues in the body. See also pulmonary 
circuit. 

J^uj tja^^S jVb y-Li-ll fj.1 j2jj i^jjall ^Uiall ;> 4jjUaj.l SjjjJI 
jJajl 4a>aauVlj frbintVI (jft lAuu jjajjS jVb jjjj-ll jai j>all 

_4j jajll fi jjall bJaal 
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systems biology An approach to studying biology that aims to 
model the dynamic behavior of whole biological systems 
based on a study of the interactions among the system's parts. 

lil^Lull aJjS J) i— ijgj yjil bi. ji jJl y& i "k'y Ua.jljjj 
jjj ^jjll CliSlclijll iul jj Jl bbU 4jK 4_^>. _j! jjjJI ^LJajbU (^i^lbJl 

systole (sis'-to-le) The contraction stage of the heart cycle, 
when the heart chambers actively pump blood. See also 
diastole. 

/UiUAj ^jll i_lla!l i-jjc. ^iaj La-lic ^paUajl 4JL.J* (jiaU&jVI 

.-LbW^I Usui ^1 



T cell A type of lymphocyte that matures in the thymus and is 
responsible for the cell-mediated immune response. T cells are 
also involved in humoral immunity. 

AjK u.il jc- V jy*A (Jj^Jj 4jjlll ^ *r iJ-i'lj ^ill 4-ljlLalil j^i X < b^ 1 

4 jliKII 4eUJl Uaji JiJii X l£U jlJl iikll iclio 

target cell A cell that responds to a regulatory signal, such as a 
hormone. 

taxis (tak'-sis) (plural, taxes) Virtually automatic orientation 
toward or away from a stimulus. 

taxon A named taxonomic unit at any given level of classification. 

> Qjii^ll £ja ^jlubo J oJlJ^-fl -UilL-aJ oi^j <l3^i^VI 

taxonomy The scientific discipline concerned with naming and 
classifying the diverse forms of life 

.Sbil] SjAxIdl JI£jjVI ' 'turn" j AjauUJ jij^j <_jij| ^j-^lxil 1.11*1! i a.',,V,tt 

technology The application of scientific knowledge for a 
specific purpose, often involving industry or commerce but 
also including uses in basic research. 

^ic (JaIwj bllx- iA } ]■* e, As. ja^a\ 4_LaLdl ASjx*a\\ ^J^lilaj U^i jj^ftj&ll 

jjuJuS$ I CiL^jVI Uajl (J^uij b_&] j SjUlil jl Sx-Liunll 
telomere (tel'-uh-mer) The repetitive DNA at each end of a 
eukaryotic chromosome. 

telophase The fifth and final stage of mitosis, during which 
daughter nuclei form at the two poles of a cell. Telophase 
usually occurs together with cytokinesis. 

' t5 j*^uVI ."M^f er^ jil l£ 1*1^ ul£" Lr^'j 

.Ajjkli t&ijaJi ^ sic 

temperature A measure of the' intensity of heat in degrees, ' . 
•- reflecting the average; kirfe'tie ehetgy or ; 'speed of molecules: '." •' 

tendril A modified leaf used by some plants to climb around a 
fixed structure. 

CaAj (Ms Jji. (jji-uiiii Ciljjll (jiuu UalVinn 43jj <Libb-ill 

terminal bud Embryonic tissue at the tip of a shoot, made up 
of developing leaves and a compact series of nodes and 
internodes. 

terminator A special sequence of nucleotides in DNA that marks 
the end of a gene. It signals RNA polymerase to release the 
newly made RNA molecule and then to depart from the gene. 

Cjxjj .jOiil AlaJ (^jIIj CllAjjjjlSjilJ !_>aLi. JuiuiJ ^,41111 

J^jj ^ji^wll Uil <^>. cjUjV Ujll jl jx«J _jj ij\ Cil jUib 

tertiary consumer (ter'-she-ar-e) An organism that eats 
secondary consumers. 



tertiary structure The third level of protein structure; the 
overall three-dimensional shape of a polypeptide due to 
interactions of the R groups of the amino acids making up 
the chain. 

i*jSm jsj j&\ jiiiii sciiiijjj (> diai ^ ji^i dJUJi fUJi 

testicle A testis and scrotum together. 

,U_xi Aun\ Aun^W 

testis (plural, testes) The male gonad in an animal. The 
testis produces sperm and, in many species, reproductive 
hormones. 

A un\\\ gjjj .vjUI jJiJl ^ AjjSill 4jLiIH1| SiJl ^■■n.^Jl) iu<aLll 

testosterone (tes-tos'-tuh-ron) An androgen hormone that 
stimulates an embryo to develop into a male and promotes 
male body features. 

_ j^^]| ^jjii ^j^t ib f^i^k i^bj ^ic- (J^xjj 

tetrad A paired set of homologous chromosomes, each 
composed of two sister chromatids. Tetrads form during 
prophase I of meiosis, when crossing over may occur. 

n_ib^iijVI t>> I JjVI JJ^I ebjl Cjbobjil JSjijj ^iiiill CilAiiU jj^ll 

i til . ^-,'i i "\ i 1 .vVir. 

thalamus (thal'-uh-mus) An integrating and relay center of the 
vertebrate forebrain; sorts and relays selected information to 
specific areas in the cerebral cortex. 

theory A widely accepted explanatory idea that is broader in 

scope than a hypothesis, generates new hypotheses, and is >■ 
supported by a large body of evidence. OS 

t<UJajill J*J (j^'j AjujIj *JJ' ^ljji« *^!J^ J - ,ia J "J^ 3 Ajj^iJl ^ 

thermodynamics The study of energy transformation that O 
occurs in a collection of matter. See first law of thermodynamics; -J 
second law of thermodynamics. & 

thermoregulation The homeostatic maintenance of internal 
temperature within a range that allows cells to function 
efficiently. 

'jyujj (jUaj ^3 AjliWl 'ijljsJI i?.J^! ^ ; J 4jl i.^ll 3 jl jaJI f'jtVyi 

three-domain system A system of taxonomic classification 
based on three basic groups: Bacteria, Archaea, and 
Eukarya. 

SI jjll j bjiiSJIj Objlajil 

threshold The minimum change in a membrane's voltage that 
must occur to generate an action potential (nerve signal). 

^1 jj! Cjlij jl i _ r» j (_g jJi frbiiJl Aj^a. (ji JJJ»jJl OA (^j^VI '^JJlJI 

thylakoid (thi'-luh-koyd) A flattened membranous sac inside a 
chloroplast. Thylakoid membranes contain chlorophyll and the 
molecular complexes of the light reactions of photosynthesis. 
A stack of thylakoids is called a granum. 

"Uuc-i jisJ .<Jjj jj_jK1| Sjub-a (Jib ^linx d|jjjS!li^l 

Jj1«j1I ^ SiiiiJl d^lijll dib (Jjj jjjlSlI CibSj* ^ cj|iijS!ljj!l 
^laS (j^ujii cj|AijS!)Liill L>ui«ll _y^Jl 
thymine (T) (thi'-min) A single-ring nitrogenous base found 
in DNA. 

b J ^a'o3jz.jA CjUlaJl 4j1=J 4ajji. jjlu e^cli (T) 
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Ti plasmid A bacterial plasmid that induces tumors in plant 
cells that the bacterium infects. Ti plasmids are often used as 
vectors to introduce new genes into plant cells. Ti stands for 
"tumor inducing." 

jilt j obitl Liu J f\ jji Jc. jAii »AL«jib Ti i^S^-i 

J jjjja. CjLka. ^jAill ClilaUS bile. Yl %•« jib J jj fK.II 1 3;;.^-* 

r ? jjll aLU" Ji xi .objll biu 
tissue An integrated group of cells with a common function, 
structure, or both. 

U« U^JS j| fii; ji <Lt j bJ t£bUl ^ aU£I« Ac j*^ guuull 
tissue system One or more tissues organized into a functional 
unit within a plant or animal. 

.jljjajl ji Obill J Ajiij SAij J <Jii« J£i _ji ^j^luJI filial 

tonicity The ability of a solution surrounding a cell to cause 
that cell to gain or lose water. 

.tUl! aS ji t_u^ UiJI (J^J UiJl aLUI Jc JjL^Jl Sjja AjjjjjJI 
topsoil The uppermost soil layer, consisting of a mixture of 
particles derived from rock, living organisms, and humus. 

> iuk JjSi ^jJlj (AjjUl ALL > tijkll t jaJl Uk!| Ajjjil 
.JjaIIj AjaJl OliKllj ijji^oll ^ AiLLJl OUi^l 

trace element An element that is essential for life but required 
in extremely minute amounts. 

Alii! aLIs ObAj J i_j jlks Aj£]j sLpJ] ^jjj^ j. V.r. JjA jJlj^ajjJI 

trachea (tra'-ke-uhj (plural, tracheae) The windpipe; the 
portion of the respiratory tube that passes from the larynx to 
the two bronchi. 

^> jll £&\ Ljjiii ^ fr ja. (oUalfi. j ^uJl) ^Ifc J\ 

.(jillil j$Jl Qni» ial| Jl 

tracheal system A system of branched, air-filled tubes in 
insects that extends throughout the body and carries oxygen 
directly to cells. 

Jll Ol J^Jl J c\ j^Jb AliUl AcJUl vujU'VI t> p Uij (jj»lc. JI j»Ua^l 
.b>k]| Jl Sj^u jj^SjVI <_L^i j J^k j^' 
tracheid (tra'-ke-id) A tapered, porous, water-conducting and 
supportive cell in plants. Chains of tracheids or vessel elements 
make up the water-conducting, supportive tubes in xylem. 
<Ju£Lui JSLii .Cibbiil J Sjtb j tbiil aLU. a_uUju a_ua« 2 iU ^ 
£iO J i^lilj ftUll aLUJI <_uAjVl ajc. jVl j^Ut ji I.. f-.s H 

trait A variant of a character found within a population, such 
as purple or white flowers in pea plants. 

J 1 jj* jit Jm tAiaJl JSjja.j* OlLall (> <LJI 

.ibjbll Obj J f. t .^iil l 

trans fat An unsaturated fat/formed artificially during 
. hydrogenation- of vegetable oils-, -which ."is- linked to health risks. 
^Ji^' ^ ^ bcli^j (jj£jj tAnjiix jje. (jjAj AjLtiill ^^LjA-iJI 
Axwill JabLdb JaiijJ jll j (Aiibjll 

transcription The synthesis of RNA on a DNA template. 

.b\s]|j b jll j- iU3 (jJij ^LumuiVI 
transduction (1) The transfer of bacterial genes from one 
bacterial cell to another by a phage. (2) See sensory 
transduction. (3) See signal transduction pathway. 
i> cs>i -S^ iJl Ajk (> ajjjKJi cjb±=Ji J j^i (i) ^uali 
.•ijUiyi ^Uj Jijl (3) ^Uili Jij| (2) ,£sJ| 
transformation The incorporation of new genes into a cell 
from DNA that the cell takes up from the surrounding 
environment. 

Aiuii t> AiiJi b_yji; jii j uii (> Ajk j sjjji. cjUii ^.j Ajuiutfi 

AkjiJl 

translation The synthesis of a polypeptide using the genetic 
information encoded in an mRNA molecule. There is a change 
of "language" from nucleotides to amino acids. 

K£ j?- tj 3 ' J^" CIjLijLui ^I.K unb \;"i;tl Aj^c. ^jJij Ajia,jill 

.ajiuVI ob^VI JI c^lijjjjKji!! ^ "Aiill" J jjudbA .mRNA 



translocation (I) During protein synthesis, the movement of a 
tRNA molecule carrying a growing polypeptide chain from the 
A site to the P site on a ribosome. (The mRNA travels with it.) 
ci^i Jit tRNA (-lS j?- jjJl tjjkJ tlui tlijvi 

•^^yJ 1 ^1'^ Ji A AicUll jjiult jjic aUL 

^j^i mRNA) 

transpiration The evaporative loss of water from a plant. 

.Obi!! j« tUll ^jbkJl JjmII 

transpiration-cohesion-tension mechanism A transport 
mechanism that drives the upward movement of water in 
plants. Transpiration exerts a pull that is relayed downward 
along a string of molecules held together by cohesion and 
helped upward by adhesion. 

.Cibbill J JcV t Ul ASji Jjuij aJI jj jjll.duL«jll_jCul| AJI 
2-« A*^ CjUj ja. ALX, ^ Jilj^ Jj j^oi^i (Jiui_ JJ A^u jujll Jiu 
A CP At j3 j ilLLull Ja <jc (jiaJl t,;.^. i 

.bpbjS^ 

transport vesicle A small membranous sac in a eukaryotic 
cell's cytoplasm carrying molecules produced by the cell. The 
vesicle buds from the endoplasmic reticulum or Golgi and 
eventually fuses with another organelle or the plasma 
membrane, releasing its contents. 

AjjljjsJl AjiiJl ■. j^bjluj J jji-ua Jlii ^£ (JajJI ALaj^ja 
ji AiLbil Aj! jj^Jl Aluill > Ai^u _jJ| ^ jiii .AjiiJl l Tit Jll ilAii j=Jl 
.'^ii Lf^l J jib <-bic ji ^ ji.i CjbUoc ^ f»J JJI 

true-breeding Referring to organisms for which sexual 

reproduction produces offspring with inherited traits identical 
to those of the parents. The organisms are homozygous for the 
characteristics under consideration. 

aJXj bj ,^uusJl all ji!l glu Jll oLaSlI JI j±£ Jba* JiUi^l 

AjaJI Objl£]| JjSj .^.Vb A^UJI cilli ^ AELolo j j^>s ' '" ^ 1 1 

CjlLuall (JjVVI yiLalo CjjiJ j 

tuber An enlargement at the end of a rhizome in which food is 
stored. 

.Ai fUUl jj jaj ^ jj^iaJl AjbJ J ^ J Ajixll 

tumor An abnormal mass of rapidly growing cells that forms 
within otherwise normal tissue. 

Ajlr. Aiujl J^U. (jjSjj j^ll Axjjw biU. Cjli Ajjbv jji SliS j»jjl 

.CSJ^I 

u 

unsaturated fatty acid A fatty acid that has one or more double 
bonds between carbons in the hydrocarbon tail and thus, lacks 
the maximum number of hydrogen atoms. Unsaturated 'fats 

- " and fatty acids do not' solidify at roofn temperature/ " - '"'■'''"- 

CjIjJ JAc. i> dJl bj^ii, ^ ;>j jjAj^l (Jjj J Ob jjjSJI 

AijJ J ^ AjiAAll (jiU^VI j A. uUl JJC jjAill .(jjijjA^Jl 

.Aijkll Sjlj^. 

uracil (U) (yu'-ruh-sil) A single-ring nitrogenous base found 
in RNA. 

Ujll J Sj jij^, Olikll AjjbJ Ajiri. jjlu jAcli (U) Jj"ljL>J 

urea (yu-re'-ah) A soluble form of nitrogenous waste excreted 
by mammals and most adult amphibians. 

<S^J ^1^11 ^Hir- j jiuil OXiill t> Ljljj b^jj 

.Ailbll OLuUjJl 

ureter (yu-re'-ter or yu'-reh-ter) A duct that conveys urine 
from the kidney to the urinary bladder. 

.AliJI Jj ajKII ,> J jj| JaS5 Sba uJUJI 
urethra (yQ-re'-thruh) A duct that conveys urine from the 
urinary bladder to the outside. In the male, the urethra also 
conveys semen out of the body during ejaculation. 

Jij JAVI < jjSill J . G jUJl JI Ajb^Jl (> JjJl Jail sUs JaKVI 

i_ii5J| A-iLc cbul juJtiJl ^J^i- J-dl 
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uric acid (yu'-rik) An insoluble precipitate of nitrogenous 
waste excreted by land snails, insects, birds, and some 
reptiles. 

qc- (7j^ Jill ^jj^jj-^' vj5Li»i!l j>j liSjjjjJt o^"^ 

urinary bladder The pouch where urine is stored prior to 
elimination. 

Ain Jll AjjiJl AHllI 

urinary system The organ system that forms and excretes 
urine while regulating the amount of water and ions in the 
body fluids. 

-jkVi .lit (J jjl jij j (JSjjj ^ill ^ j-iudl jaUiull JjJI j'-j-?"^ 

urine Concentrated filtrate produced by the kidneys and 

excreted by the bladder. 

_5_jLiL»ll (jjjjla tjc- ^j^ij J^' A-J^ d*- J^"-' ° £y A^Liiij J^JI 
uterus (yu'-ter-us) In the reproductive system of a mammalian 

female, the organ where the development of young occurs; the 

womb. 

Ai ^ill j^uJl iCjUlJjll J Jj^l ^j] (jJ^V' j 1 -*^' J ?*J^ 

.^jll < J i , nil 



vacuole (vak'-u-6l) A membrane-enclosed sac that is part of 
the endomembrane system of a eukaryotic cell and has diverse 
functions. 

a .UU JiUl frLi5ii,H jlfi. jj^ lij^ ^xj (jjllj {.LiilU ^_ilLo jjjS sj^I 

oAjjc. *_iiUaj a]j A-ljl 

vagina (vuh-jl'-nuh) Part of the female reproductive system 
between the uterus and the outside opening; the birth canal in 
mammals; also accommodates the male's penis and receives 
sperm during copulation. 

SLia SAj^jUJI i^jsllj ^kJ\ Jaj j£Ll J-^YI jL^Jl (,y± Jj^aJI 

Ajjioll Cjlil jJ^Jl (Ji^unjj jjSill ^SjSill j 1 nitl jb iCAjj-Xill J Sj^ jll 

.^UsJt frUiii 

vas deferens (vas def'-er-enz) (plural, vasa deferentia) Part 
of the male reproductive system that conveys sperm away 
from the testis; the sperm duct; in humans, the tube that 
conveys sperm between the epididymis and the common 
duct that leads to the urethra. 

jjSjJl csjI ^UJVI jL^I > c> (JaU AJaUJI 5bilt)^VI 

1 jAill J SAjjidl LjbljjiJl obS Mji rr^ll Aj_ji«ll '•jbl jJ^Jl (JaIi 
(jjjj Jll AajIuJI Sblllj jtjjJt ijJJ Ajjidl ObljpJl Jaii L^ill 

• ■" 5- • . • ■ .<JMM! 

. vascular -bundle (vas'-kyvr-ler). A strand, of- vascular, tissues . . . . 
(both xylem and phloem) in a plant stem. 

J ({.bUllj i_iiiiJl g-uni) AjjLtjll A-v.n'iVl j< Ac j«->a <Uilftj3l 4jJaJ| 

vascular cylinder The central cylinder of vascular tissue in a 
plant root. 

Jb> J AjjU jll ^i-uuVl i> AjjSjJl Ajl jlxuiVl AjjLp jJI AjIjLuiVI 

vascular tissue system A transport system formed by xylem 
and phloem throughout the plant. Xylem transports water and 
minerals, while phloem transports sugars and other organic 
nutrients. 

J frbJilj jcjjju (yt Cl^i fLlij (jJLft j}\ (j-} mi'iII ^UajJl 

U JJtJ jS.ullI frbJll (Jili bujj i jjUjlj «.U1| 1 . lina.ll gjia'l (Jill .Cibill 

vector In molecular biology, a piece of DNA, usually a plasmid 
or a viral genome, that is used to move genes from one cell to 
another. 



vein (1) In animals, a vessel that returns blood to the heart. (2) 
In plants, a vascular bundle in a leaf, composed of xylem and 
phloem. 

i^bbjll ^ (2) .vSM Aa-i f.Lt j iCibl jj^JI J (1) JjjjJI 

ventilation A mechanism that provides for the flow of air or 
water over a respiratory surface. 

. ^ 'i iVnl l ^kuill Jc. sUll ji frl JjSii Jc. J«u AjII 

ventral Pertaining to the underside, or bottom, of a bilaterally 
symmetric animal. 

bjbii JiiLoidl jjl jJ=Jl ^Ls jl a li.Jl . iiKtb (jlxla (jjiaj 

ventricle (ven'-truh-kul) (1) A heart chamber that pumps 
blood out of the heart. (2) A space in the vertebrate brain 
filled with cerebrospinal fluid. 

jt-Jl J ^.Lul. (2) .i-jJiil ^jU. j>il r^bj i-Jiil J 43 (1) jJaJI 

.^Liill JjbJb AjjL (_jjLiill 
venule (ven'-yul) A vessel that conveys blood between a 
capillary bed and a vein. 

Aijjllj Cil jjr.uill jjju jjj j>^ll (Jili c-Lc j Ajj^jJI 
vertebra (ver'-tuh-bruh) (plural, vertebrae) One of a series of 
segmented skeletal units that enclose the nerve cord, making 
up the backbone of a vertebrate animal. 

i_kki' Jll a jKjjll ijJlja. jll Ac jA^a j (Cjljii £-"»^t) 5 _>aill 

Ajjliill Cibljj^Jl ^jiill Jj^ixll (J^.\; bw r-ul l JfiJl 

vertebral column Backbone, composed of a series of segmented 
units called vertebrae. 

Jll 3_«jjidl tlil^a, jll ^ aIlAxji jj^i <_ii^Jl i^jMll J_^ixSl j jLMJI JjjSxJI 

vesicle (ves'-i-kul) A sac made of membrane in the cytoplasm 
of a eukaryotic cell. 

jiiJl A jKll ^jibjilui J frbiuJl ^ji^x« <lLaj^aJI 

vessel element A short, open-ended, water-conducting and 

supportive cell in plants. Chains of vessel elements or CC 

tracheids make up the water-conducting, supportive tubes < 

in xylem. W 

J 4-acIj (.Uli a1«U. Aa. JL« AjL^j Cjli AJi f-L&^ll j^ai& ^ 

i-iubVI i>« Ac ji.nall Cl n.^ll jl f-Lt jll j.,,A'\r. ^ Jw^Xji .Cibbill _J 
.LjJiiJl juuj J A^clilj «.Ull ALLaJl O 

villus (vil'-us) (plural, villi) A finger-like projection of the 
chorion of the mammalian placenta. Large numbers of villi 
increase the surface areas of these organs. 

dibjiil] Anjui/i J frUii»<iU AjAj JaLluij (CjbLftJ ^jlfrjll 

cbjacVl o^i ^U. l,\ I jaU' tJ ^jjj JjbLc. jl! ^ ^l*^-! 

.virus A microscopic .particle, capable of infecting cells of living . . 
organisms and inserting its genetic. material. Viruses are. 
generally hot considered to be "alive because they do' hot 
display all of the characteristics associated with life. 

AjsJI CAxiLUb A^aLiJl b^LiJl AjL^J ^jWi.nj (JJ«-?-« (J^JJ^I 
j^-laj V AjV A-ii. Cjbjjjjjill jii*J V Aj A^aliJl AjirJl ojball ^-Ja jj 
SLrJb A U<\ j . \l ^iAi I j jlr. 

visceral mass (vis'-uh-rul) One of the three main parts of a 
mollusc, containing most of the internal organs. 

Jc lS JaJ c?ilt _pjl l>« U-° '^'j Aj>iix!l <UjSJI 

.Aiilil tUnaVl 

vital capacity The maximum volume of air that a mammal can 
inhale and exhale with each breath, 
l^iii cjlipiill £ikbu Ljil! (.1 ^\ ajjS Cy ci^Vl J^ll <jj^JI SjJaII 

, AjLiC (JS J l^a.lji.jj 

vitamin An organic nutrient that an organism requires in very 
small quantities. Many vitamins serve as coenzymes or parts 
of coenzymes. 

Aiiii CjU«Sj jjill (JjLSJI l^l'i'. i Aj jj^c Ajjlic SjU (jMUjiJI 

cjbujj^l (. ji. ji S^tLuba dbijjjl£ ci^J OLiuiUuall jjA aijaJI 

O^tLuiAil 
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vocal cord One of a pair of bands of elastic tissue in the 
larynx. Air rushing past the tensed vocal cords makes them 
vibrate, producing sounds. 

j%J ^'tV^ oJj^Jl Ajj'^all jaJ tl j$Jl .5 jaiJl 

vulva The collective term for the external female genitalia. 

.^bu A^jUJi <iLLu!i cu^bu ^uji c Jk^ii ji^i ^ 

w 

wavelength The distance between crests of adjacent waves, 
such as those of the electromagnetic spectrum. 

jLvdb A i A -\ \ \ lillj Jia ti jjU-all CjU> jA\ ^ Jjj SiLjidl <La>jA]| Jj]a 

wood Secondary xylem of a plant. See also heartwood; 
sapwood. 

S _^laS3I t__ila Lid jJiil .diull yi <j jjLjll i_uiiJl y 'ill 

X 

xylem (zl'-lum) The nonliving portion of a plant's vascular 
system that provides support and conveys xylem sap from the 
roots to the rest of the plant. Xylem is made up of vessel 



elements and/or tracheids, water-conducting cells. Primary 
xylem is derived from the procambium. Secondary xylem is 
derived from the vascular cambium in plants exhibiting 
secondary growth. 

Jiijj ^Aj OUU JLz j]| jUaJl jjc. cJ^Jl ^uijJI £^ 

Jj^' l. ' ' «v ll 2^ ^ioU. L£tA j <i-|l n.-.* ji/j Xjp J 

Y 

yeast A single-celled fungus that inhabits liquid or moist 
habitats and reproduces asexually by simple cell division or by 
the pinching of small buds off a parent cell. 

i> <A,J\ CjiU^Jl ji Jjl yA\ L£tiJ| Cjb_>La SjjAiJI 
r^Ltf Oi^ 1> ji fUsil jc ^^miOU! i-jUjyi 

Z 

zygote (zl'-got) The diploid fertilized egg, which results from 
the union of a sperm cell nucleus and an egg cell nucleus. 
't>\yj <j?y* "'I y Cy g-"- 1 ' ^ " * '. J °* • '- * - '-'!' e>"j*J! 
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Active transport, 50 
Adenine (A), 98 
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Asexual reproduction, 77, 140 
Atrium, 135 
Autotrophs, 67 
Axillary buds, 156 

B 
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Bulbourethral glands, 144 
Bulk feeders, 116 

c 

Calvin cycle, 70 
Capillaries, 135 
Capillary beds, 135 
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Cross-fertilization, 89 
Cuticle, 157 
Cytoplasm, 33 
Cytosine (C), 98 

D 
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Surfactants, 130 
Suspension feeders, 116 
Systems biology, 4 
Systole, 137 

T 

Telophase, 80- . 

Terminal btid; -1 $6 '•• ; "• - ' • " -- ' 

Testes, 144 

Testicle, 144 

Thermodynamics, 52 

first law, 52 

second law, 52 
Thylakoids, 42, 68 
Thymine (T), 98 
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See where you are headed. 

Look for the Big Ideas, which 
open each chapter and provide 
a transit map to a set of 
overarching concepts. 

Remember the big picture. 
Look for the main headings 

that organize the chapter 
around the big ideas. 
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reproduction in plants 

'fJ* e - .Inase nal reproduction, there is one simple 
principle of inheritance The lone parent and each of its 
offspring have identical genes. 

Sexual reproduction is different it re uires fertili ation 
otanegg y a sperm. The production of gametes eggand 
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»l repro- 
ing with 



Focus on what's important. 



Use both text and 
figures as you study. 
The figures illuminate the 
text and vice versa. Text and 
figures are always together— 
so you'll never have to turn a 
page to find what you need. 



' — Understand biology one concept at a time. 
Each module features a central concept, announced 
in its heading. 



Feel confident going into the test. 



Mcletuiar Biology of the Gen 



C H A P T E R: 



Reviewing the Concepts 

! i DNA and RMA are poi>mefS of nucleotides. 



REVIEW 




5 j DMA Is a double-stranded helfc w .lorsiind Qrik wcihai 
outthdrirse-diff.aisbnalsmcJii'eof HlAtvopo^Titcfcotife 
stHndsi.'BFp6riaEajnciea:hotherEia djublsheJx H}ti-qa.tn 
bjndsb £ w em b ass h o Hi lies taa n dst eg 2 1 ;-r . E a: h b as? p air s 
wiijaajT-.ipldBaitaiypaitna- : A -with T, GwaliC 

QftitpLiatiai (5.3; 

9 i DNA replication depends on specific base pairing. DIJA 
Hpfcat»nstaitBvihth£sepaHtDiiof DUAarands. Siym s 
ihsiUKearjlistnr,dssaterrpim;o.iFJ^Tj;tnew nirfeotiiB 
iito a awn pletai cays nana . 



lift 



Bcwcf (fettic fiSrxHtcia-i fan 
HF-.toflcteiii 



j Tile DMA genotype Is expressed as proteins, which proifde 
the molecular basis for phenotyplc traits. Th*; D:JA of a jai=-a 
MeaisequantKof irar/nur^c-ncts-i:!: misi ijtii utri FN.\ 
ul'i:hia:Eanqte£dinlDapo^p-^Q.t . 

Connecting the Concepts 



■ indbraand>ngo±h£flrv . 
3Hb>-fiEhg3ir hob kite 



Testing Your Knowledge 

^ A q -ti £ ii stf as l dL hat a p ai tc u br mu t 
thepo\j>iptife Hi'Ddsdb/agaie. Ti. 

a *tebnofoner.icfea±fe. 
b. ahiatX'noithasiattrocbn 
- iiai-tEnDfcnenu:if>tife. 
3. cfekciiothsaitiegsie. 
e. sjlst±utbnofiin--?niLrfcDd!t. 

J W isrhothEf olbwiigcoiiect^'iaiifethcs 
of^sfitmlaiysaLo smifae 

d. ■irixit»aTiegai t j<i3±)ivnu:feDtiii 
v rer*:otiij<:i [cr , eg on egaie-vacbn 
■i. chxntcEcm&tiurfeotibgaieKDtton 
^ecircracBcme-tiirbri-nicfcotxfe 



■nhalnotf ferton 
atstbnpajfcabV 



Review the mainpoints. 
The Reviewing the Concepts 

section provides helpful 
summary diagrams and 
references back to the text. 



Connect the 

chapter's key concepts. 

Connecting the Concepts 

activities test your ability 
to link topics from different 
modules and include concept 
mapping, labeling, and 
categorizing exercises. 



Prepare for the test. 

Use the questions that 
appear in the Testing Your 
Knowledge section to prepare 
for your upcoming tests. 



